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ANNOTATION

This training ..anual m=xamines, on the basis of Soviet a.:nd foreign literature, the
fundamental problems associated with the chemical thermodynamics of combustion and
explosion--energy rele;ase, the composition of combustion products and the thermo-
dynamic characteristics of fuels and the products of their chemi.al conversion. It
provides simple methods for calculating thermodynamic variables required for assess-
ment of the effectiveness of explosion processes, the danger of spontaneous com-
bustion or explosion and the quantity of toxic products formed by combustion and
detonation.. Special attention is devoted to the state eguation for the initial
substances and explosion products at high temperature (thousands of degrees--and

ultrahigh pressurz--hundreds of thousands of atmospheres).
FOREWORD

The principal unique feature of combustion processes--that which predetermines their
technical applications and the danger of spontaneous fires and explosions--is the
release of a significant quantity of energy. Hence follows, in particular, the
primary significance of the thermodynamic aspects in the study of these processes.
At present, however, there are no training manuals which might examine the theoreti-
cal problems of combustion and explosion thermodynamics and the methods of calcula-

ting the principal thermodynamic variables from the standpoint of the requirements
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of institutions of higher education specializing in chemical technology. Some books
dealing with these problems, for example the remarkable textbook written by Andreyev
and Belyayev (1), have long been a bibliographic rarity while others are too voluminous

and difficult or fail to satisry our instruction programs.

The purpose of this training manual is to corre:t this situation. In addition to
examining the commonplace thermodynamic relationships and simple calculation methods,
it devotes significant attention to one of the most important problems of the theofy
of explosive transformation--the state equation for matter at high pressure--tens
and hundreds of thousands of atmospheres. In the final analysis the objective is

to make it possible for every process engineer to calculate the composition and other
characteristics of the products of chemical reactions occurring at high temperature
and ultrahigh pressure, something which is now within the means of only a few special-
ists having access to expensive computer technology (2). Some particular paths of
solving this problem are already known, and they are described in this book. We will
probably 1ot have to wait long at all for someone to arrive at a general solution
similar to that reached for combustion processes at moderate pressure (3,4). Perhaps
some of the students for whom this guide is intended will themselves be able to take

part in reaching this solution.

1. Concentration. Stoichiometric Relationships

In physics, the principal characteristic describing the concentration of a substance
in a given point in space is density p (kg/ﬁs). The reciprocal, V=1/p, is called
the specific volume. If the substance is an individual chemical compound, the pro-
duct ViMi (m3/mole) is its molar volume. Here, Vi =1/p; is specific volume and M

is the molecular weight of substance i (kg/mole).
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In chemistry. concentration C is usually given as the number of particles (molecules,
atoms, radicals, ions) per unit volume (l/m3, moles/m3, moles/liter). There are

other ways of expressing concentration involving simple relationships of p, V and Cs*

0 M
Proportion of substance in mixture j; = CMY= —F
by weight (kgi/kg) R (..}
Molar proportion (moles./mole) “’Lﬂ,‘- fi;' = ﬁi (1 2.)

, 3, PR 1, A 2 H{ .3,
Proportion by volure (m®;/m ) RN 7 Zov: (1.3.)
Number of moles of the substance n.' (, v. 8 (1.4.)
per kg of mixture (moles;/kg) e Y M:

Here, M=1/%(gy/M;)=p/LC; is the mean molecular weight of the mixture (kg/mole).
symbol I means summation in relation 'to all of the components of the mixture, or
in relation to a certain group of the components, for example just the gaseous pro-
ducts. Thus when we compute the composition oi combustion products we use

X (1.5)

No = g‘as N1’
where summation is performed only in relation to the gaseous components of the

mixture.

If when the components are mixed together they do not interact in such a way to

cause a change in volume, then

V=Zy,v, , j" "Z-‘(-""PC ,"Q.‘ﬂ’“’n“‘ ‘9‘;?‘:“ (1.6-)

*A convenient waTto check the correctness of formulas (l.1)-(1.4), or formulas
similar to tlem, is to consider the units of measurement pertaining to a given
component of a mixture of substances. Following reductions, the units of measure-
ment must be in the right combination. For example for formula (1.1), [g{] =kgi/kg=
= [M{CLV] =kg,,;.molcis,,;.m3/moles,,;.m3.kg. It should be considered that in formula

(f.4.)

(1.4), o5 5 M ,,14. "It stands to reason that following such verification, the
2 —-f— L= el s §
M M M v
units of measurement should be reduced to their conventional form.

3
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Relationships (1.6) are always satisfied formixtures of ideal gases . It would not be
difficult to note that the sums Ig;, Zoy; and Loy, in relation to all components of

the mixture are equal to unity. Obviously g and a may also be expressed as percents.

When we use the theory of combustion and explosion to solve thermochemical problems,
first we usually determine t';he elementary (elemental) composition of the mixture.
In this case the concentration of element 7y is determined in moles/kg by the formula:
ny=2 9 if «& Jyng (mv.;
where 37 is the number of atoms of the given element in the molecule of compound J
(s=C, O, H, N etc., moles/mole). Summation is performed in relation to all compo-
nents of the mixture. The variable gj/Mj=nj represents the number of moles of the
given compound per kg of the mixture. On calculating the améﬁnt of all [symbol
omitted; possibly 73] elements of which the mixture consists, we get the "empirical

formula" for the mixture:

cnc‘)n”“n“ e m;
the molecular weight of which is 1 kg.

Most systems capable of combustion and explosion contain a fuel and oxygen. The
ratio between these ingredients is an important characteristic of the system. Several

ways of expressing this ratio are commonly employed in engineering.

In the case of secondary explosives, the best suited variable is the oxygen balance
(K8), expressed as a percent by weight. It is the difference between the quantity of
oxygen contained in the system and the quantity necessary for complete combustion--
that is, for transformation of all carbon into CO2, all hydrogen into Hp0, all

aiuminum into Al,03 and so on. If halogens such as chlorine or florine are present

in the system, it is believed that they interact with hydrogen to form hydrogen halides.

- 4
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46 n)-ne
K§ = & {n(o) t?nc t o 2@/%]}LI.B)

Coefficient 1.6/M in this formula is obtained by dividing the molecular weight of
oxygen (0.016 kg/mole) by the molecular weight of system M and multiplying it by

100 so that tne result would be a percentage.

The oxygen balance of a mixture is an additive function of the oxygen balances of
its components. We can easily persuade ourselves of this by summing the products
ngG and applying formula (1.7). The oxygen balance of the mixture would be less
than zero if there is not enough oxygen in it for complete oxidation, and grerater
than zero if excess oxygen is present. For a system that is "balanced in relation

to oxygen," K§ =0.

The coefficient of excess oxidant, ao;is the ratio of the quantity of oxygen in the
system and the quantity needed for complete combustion. For the purposes of this
handbook, in our calculation of ag we will consider only the amount of oxygen re-
maining following combustion of aluminum to Al,03; and Mg to Mg0, and we will consider
only carbon and excess hydrogen (following its interaction with halogens--chlorine
and fluorine) as the combustible substances. The formula for calculating ogp would

have the form:

”u_*(/ +nﬂy)
0( 2ﬂc + '/’)(nu “/7”04-) (1.9.)

When the system is "balanced in relation to oxygen," og=1, when excess oxygen is

present ®g>1, and when oxygen is lacking ap<i,
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We also use two derivatives of ag:

The oxygen coefficient Ag =100 ag
The equivalent ratio ¢=1/0g

The latter is encountered especially frequently in works on combustion of gas

mixtures. .

2. Functions of State. Some Thermodynamic Relationships

The equilibrium state of a closed thermodynamic system, in which the effects of
electric and magnetic fields are ignored, is characterized by five parameters or

intrinsie
functions of state. These are pressure P, volume V, temperature T, internal energy F
and entropy S. They are related to each other by a fundamental thermodynamic rela-
tionship:

b = 1SS - pdY (2.1.)

T and P are "intensive"-~-that is, they do not depend on the quantity of the substance
within the system. V, E and S are commonly said to be "extensive"--directly propor-
tional to the quantity of the substance.* However, inasmuch as these variables are
in all three terms of equation (2.1), this equation would also be valid if we assume
V, E and S to be “intensive"--that is, if we represent them in relation to a mole

or unit mass of the substance. As a rule we will henceforth use the relative values

of V, E and S (in relation to 1 kg of the given substance).

*It would be easy to memorize that £ and 7 are "intensive" variables by using the
terms "intensive heating" and "intensive pressure" (though of course the latter term
is sooner political than technical).
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Besides equation (2.1), which is most general in nature, to describe a system we
usually use another equation of state--the functional relationship between three (or
four) of the variables listed above, characterizing the given concrete substance (or

mixture of substances).

To make the calculations simpler we introduce another three functions of state:

Enthalpy ("thermal function") | . g, W, A =TS +vdp (2.2)
Gibbs' energy* G = - 7% d6=-SdT +vdp (2.5)
Free energy** F=E-7TS dF =-SdT =~ pdv (2.4)

Variables E, H, G and F are called the thermodynamic potentials: Under certain condi-
tions (under which the appropriate potential is a characteristic function) each of

them determines the maximum work of the system.

In order to fully define the thermodynamic state of a system, assuming we have the
equation of state and the four fundamental relaticnships (2.1~2.4), we must know

three of the eight parameters listed above; for the sake of definiteness they would
best be in combinations which would transform thermodynamic potentials into character-
istic functions: (&,V,S), (H,P,S), (G,r,P), (F,T,V). 1In view of the fact that under
experimental conditions we are far from always able to determine precisely those
functions which are needed at the given moment, and also beCcause we must often deal
not with the functions. themselves but only with their derivatives, numerous relation-
ships were obtained between functions and derivatives in the course of the develop-
ment of thermodynamics. These relationships now make up the essence of the mathemati-

cal foundation of this science. Some of these relationships are given below.

;—Synonyms: free enthalpy, isobaric isothermic potential, isobaric potential.
**Isochoric-isothermic potential, isochoric potential, Helmholtz energy.
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By juggling the variables in equation (2.1) .we get the derivatives:

/ \ '€ -

Differentiating them once again in relation to another variable (the former in
relation to V and the latter in relation to S), equating the obtained mixed second

we get one of

: . . . . X 1
derivatives with one another and considering that (%2)-(3%J ’

the Maxwell equations

- (%%)ﬁ (.-?}/)s : (2.6.)

Performing similar operations with equations (2.2-2.4) we get another six relation-
ships identical in form to (2.5), and then another three Maxwell equations. These
equations associate the derivatives of entropy in relation to pressure and volume
with the derivatives of volume and pressure in relation to temperatur?. We write

them in general (though perhaps somewhat unusual) form:
_ ‘S - ’ZL’), ‘ 3 = 2L 2.7.)
(fvp,);' ('p'r $ S (%’)f- (’”'3 (‘

In each of these equations there are four subscripts, which are used in pairs--either
the upper or the lower oned, Considering the symmetry of the subscripts and of the

variables, equations of form (2.7) are easy to memorize.

N . {u, ‘e f‘ ') '. . .
The der1v§t1ves (”DL'('§7 , and G@F), are easily measured experimentally, and
they are well known for many substances, They are usually given in handbooks as

the following expressions:

8
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1 oeane |
o (35 /Jp --isobaric coefficient of expansion (2.8)
I {(%’;)T --isothermic coefficient of compression* (2,9) .

g 2 e pa . . ..
/, = f'; (,;p,_)v --isochoric coefficient of pressure (2.10)

For an ideal gas, cxp=l/T is the Gay-Lussak law, Bp=1/p is the Boyle-Marictte law
and YV=1/T is Charles' law. 1In cases where it is difficult to measure one of the

variables, its value may be obtained from the other two by means of the identity:

(2R 2Ly v ) - |
(fu T'_/, (fw ) A 1. (2.11)
For example (’?)P s0T), = Ap Py . (312)

Differentiating function E(T,V), we get another two partial derivatives:

JE - (z—é:)VJI - (’,‘i% )rc/;«' (2.13)

The first of them, ( ;;’_’[:'_ )y= ﬁ, , is the heat capacity of a substance in a constant

volume. To understand the meaning of the second, let us examine equation (2.1) at

T =const:

(P£) =12 ) -prae p= T2 2] (21w

/ ‘r wr ("Df',/;/_ ( 'ZTV /r

The derivative (aS/ aV),_,, is substituted in the second relationship by .(aP/BT)V in

correspondence with Maxwell's equation (2.7).

*The reciprocal, Vv (7p /i’ )y = K7 + is called the modulus of cubic compression.

Note that the coefficient of cubic compression is three times larger than the
coefficient of linear compression,

. ox g el
¥ S( 49 /r
This result follows directly from the relationship v=13,

9
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It follows from equation (2.14) that pressure may be represented as the sum of two

components--thermal T(3F/3T)y and elastic. {8E/3V) .

At absolute zero the thermal component of pressure ‘disappears, with only the elastic
component remaining. The depepdence of elastic pressure (or elastic energy) on

the specific volume of a substance at I'=0°K is called the zero isothezﬁ. According
to Nernst's theorem (the third law of thermodynamics) at T=0°% entropy is zero--
that is, it remains constant. Therefore the zero isotherm coincides with the

zero adiabat (isentrope).

At absolute zero -(3E/3V)p is called the "cold pressure" and represents the elastic
or potential component of the forces of interaction between the particles of which

the substance consists; it depends only on specific volume:

Po= P(v)en 2t S0, (2.15)
It is presumed that at T>0°K function Py(V) remains constant. Only the thermal

(kinetic) part of pressure depends on temperature:

Y F/P) ) ek /_?_E:_ ]
Fr g'b—'éﬂ f("PT')v Z (';V rt (%7 )7’-1]. (2.16)

A certain cold energy Ep determined from relationship (2.15) corresponds with cold
pressure-—38E,/AV=Py. When we use this equation for the calculations, we usually

read energy from the level of zero oscillations.*

The thermal or kinetic component of energy is

- ~ = — ) P ,pF' ’_,/D“-—_; JV
e JE S Pl BT (‘v—;f)f"\'sy,),.g)('f-l”

*At T = 0°K atoms make so-called zero oscillations, with which energy hv/2 repre-
senting one normal oscillation of frequency v is associated.

10
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Another widely employed term is

‘DI.‘
(—#}l:[} (2.18)
_ which represents the specific heat of the substance at constant pressure. Given

a constant volume Cy we use the following relationship to convert this value (which

is easily obtained experimentally) to specific heat:

[N (4 4
[‘_]',,/[‘yz d .} ,// S 'where ﬁs-—‘l{' }%I'a)g (2-19)
or ° ’
k) e )¢ 2 : '
el = IG5 ) (B, = TG (32D - Tvdp/pirte0

All cofactors in the last expression (2.20) are positive; therefore Cp>Cy always

holds, 21d B 7B g. For an ideal gas,

G-G=Ry  Pr=Tp. Po=TATP.

The values for internal energy, enthalpy, entropy and specific heat for all of the
basic products of combustion and explosion (obtained by analysis of spectroscopic
data and other means) are collected together in handbooks (3) and (4). Tables of
combustion product enthalpy and entropy values may be found in handbooks, for
example in the fundamental handbook (3). Enthalpy values are given for an interval
between 293.15 and 6,000 °K, with the value at 293.15°K* being 0. Inasmuch as for
- ' an ideal gas AH=AE+R(T-Tg), it is easy to obtain the value for the internal energy

of a gas from these. tables.

*The accuracy of this number (=0.003 percent) greatly exceeds experimental accuracy

in the theory of combustion and explosion. Usually Ty is presumed equal to 298°K,
and sometimes even 300°K.

11
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Figure 1 shows the dependence of enthalpy on temperature for some substances. It is
rather complex in nature, and it is usually expressed analytically by a polynomial
containing four to six terms. We can see from Figure 1, however, that this dependence
may be expressed by a simple formula in a rather broad interval of temperatures

(2,000~-3,000°) :

(e h3) = (1) () §: fr- 1) o

Table 1 gives values for &; and T{. It also shows the temperature interval within
which formula (2.21) holds. Note that £; is an approximation of the molar heat
capacity of substance 1 in the indicated temperature interval (Cp;). The relative
deviation of AHp values from the tabulated data is within 0.5 percent as a rule,

and in any case it is never greater than 1 percent.

g
P R VAR,
/ ¥
. araps
- / f——t> -
v ire
. L ]
=8
LA L L
, 0 an' o Tx

Figure 1. Dependence of the Enthalpy of Some Combustion Products on
on Temperature

Key:
1. AH, kj/mole.

It follows from Table 1 that for monatomic gases (H; O, N and gaseous C), in the
interval from 300 to 3,000°K specific heat Cp is eqgual to 5/2 R (20.8 j/mole-°K)--

that is, it corresponds with the theoretical value for all three forward degrees

12
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Takle 1. Dependence of the Enthalpy of Some Combustion and Explosion Products on
Temperature ‘t.sigg = 24” -1 ki/mole.

L1107 7 L1103 T,
_ b, |2,0-0,0| 37,1} s0f 0 | 1,050 21,01 30
c6 |2,0-4,0) 37,77 " i1 0,3-4,0 20,8/ *®
Hy | T,8-3,3 ] 35,8] " | Crag| 0s3-3:01 20.8] "
0, [2.0-38] 393 | v | 0646 209
- of |1,8-3,8] 36,0f »0 1,2-4,0f 36,4| 4C0
hot| 1,8-3,8 | 26,71 . | WaCI| I,8-5,0f 40,3} °
Lo et B B B L v [t
P 1,2-5,0 k2, 163y Oy
oo, | 1.6-8,0 | 61,1| | sign [{0:8-8,0] 75,2 u00
U6 | 1,5-3,0 | 56,9 2 |\2,2-3,6| 98,0| 700
HGe | 2,0-4,0 | 6153 | €00 | o {;.o—z,a B3O | 40
| 2,0-3,8 | 55,71 700 | Ae3|l2,u-6,01 146 | -200
s h 25,7 600 | gy {;,2-1,6 71| 500
o 3,0-5,¢l 28,0 | 30¢ 4 82,41 89,1| 600

*T.L does not have physical meaning, and therefore,
in particular, it may be negative as well.

of freedom (with a consideration for the work of expansion). For diatomicgases in
the 2,000-4,000°K interval it is 36-38 j/mole*°K (about 4,25~4,5 R), which corres-
ponds approximately to the sum of energies representing the three forward (3/2 Ry,
two rotational (2/2 R) and two oscillatory (2/2 R) degrees of freedom of a diatomic

molecule together with the work of expansion (R).*

In cases where there are no tabulated data, especially in relation to complex
organic molecules at high temperature, the specific heat, enthalpy and internal
energy may be obtained by calculation. In this case it is presumeJ that the sum

of forward and rotational contributions to specific heat is maximum (5/2 R for

*At moderate temperature (from 90 to 370°K for different substances) the value of
Cp/R for diatomic gases is close to 3. 5 (¢ = 1,u), which corresponds to excitation
of three forward and three rotational degrees of freedom.
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linear and 3 R for nonlinear molecules), and that the dependence of specific heat on
temperature is defined only by the c.)scillatory component (the contribution of excited
electrons is ignored). The contribution of valent oscillations is accounted for with
Einstein's function:

‘C T __(at/_z_af_ 2
‘= wilpen (@2

Sh(x) = eX¥-e~%) /2--hyperbolic sine function; ©/--characteristic temperatures corres-
ponding with characteristic frequencies v; of the molecule under examination:

g . hV ki

N 4 o

(h and K--Planck's and Boltzman's constants, Nj--Avogadro's number). Values for
function Ei are given in (5). Values of O; are obtained from analysis of spectro~
scopic data. For example @; =3,340°K for nitrogen, 2,230°K for Oy and 6,100°K for Hjp.
The number of characteristic frequencies is greater for polyatomic molecules. For

example CO, has four--954, 954 [sic], 1,890 and 3,360°K .

An approximate method of calculating the specific heat of polyatomic molecules makes
use of just two characteristic frequencies for each chemical bond, \)1;(1) and v,,;(z).

The formula used for the calculations has the form:

(e
¢ ), (2.3)

.
b, - Ar7ell. BIE

where A =5/2 for linear and 6/2 for nonlinear molecules; B= (3a—5-b)/_b for linear
and (3g-6-b)/b for nonlinear molecules; g--number of atoms; b--number of chemical
bonds in the molecule; £ £(!) and Ei(é)--Einstein's functions for characteristic
temperatures (':)1:(1) and 01',(2).
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- Table 2 gives ‘ihe characteristic temperatures 01:(1) and 01',.(2) for frequently en-
countered chemical bonds. The dependence of the specific heat of some substances

on tempcrature, calculated by formula (2.23), is shown in Figure 2.

- .Table 2. Characteristic Temperatures of Chemical Bonds

Ceass (1) '9:".! 9(') Canos ov\K 9‘:).!! :
L ,

G -C (5““4’“"“?“2) 1307 | 935 | -9 (spY) 3200{ -

C-C (eponerm)m 03) 2154 | 862 | H - S 36941235
C <C 1724 | 1807 |-0 - 0(30)) 2230 -
C=C . 2230 539 | $=0 1797] 748
C-H (4) | 4315 1510 | S- ¢ 9921 402
-0 (»co - 0| - [k =¥ 1437{1290
c-0 1880 (1610 | B - X (3 1,) 3340 -
C=0 2500 {1120 | B - ¥ (3 Myu). 3190| 848
c-n 1637 | 647 | R ~ ¥ (3 1,0,) 14021 719
C=¥ 3190 | 345 | ¥ -} 4740|1724
c-cCt B35 | 58 | N, '-’0 (3 ¥10) 2690] -
C-F 189Q: /{720 | ¥ v 0 1823| 949
¢ - B 87%.13 M0 2112! 935
c-Y 7621264 | §i v-H 313211335
-8 (s ily) 600 |+ -0 1510 575
H-0 5030 (1980 |.B - 4 3668|1654
i - €I (n HCI) 8180 | ~ B -F 1280| 992
H - By (» HBy) 3700 -

Key:
1. Bond 3. Aromatic series
2. Aliphatic series 4. In

Integrating (2.23), we can find intrinsic energy.

! , . "
Eaiprad S ‘) BZU. ' am
° 4
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(/LA
R Joo 700 1100
T K

Figure 2. Dependence of Specific Heat on Temperature: I--methanol,
2--toluol, 3--methylnitrate, 4-~nitroglycol, 5--nitromethane,
6--chloroform, 7--CCl,, 8--bromoform

Key:
1. j/gme°K
The enthalpy of an ideal gas is Hig=Eiq +RT.

The specific heats (and entropiesg) of many organic compounds are given in (6) for a

broad interval of temperatures.

Calculations using formulas (2.23) do not account for interaction between molecules,
and for condensed substances they usually understate the value of Cy. If an experi-
mental value is available for Cy at temperature T, the following formula can be

used to determine the dependence of Cy on temperature as a certain approximation:

!’v([’- o, (77“',?[[’,{;;};,- (’,{7;)"‘,;']' (2.25)‘__5, .

Isentropic compressibility Bg (see formula (2.19)) is used to calculate the volumetric

speed of sound

O () G e D 0
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The speed of sound in an ideal gas is

LTV =ITT @

- The velocity oif longitudinal waves in an organic liquid, also determined by equation

(2.26), may be calculated using Rao's rule:
. y : 3 ’
-fo =(¢ZZ;5}) , m/=ac, (2.29)

where pg--density of the liquid, kg/m3; M--its molecular weight,'kg/mole; Z{--number

of chemical bonds of the givea form; Bf--contributions of these bonds:

C-H4 952 C-Kk 20,7  N-H 907
C-C 42 GC=C 129 C - X0, 302,5
C-0 3,5 C€=0 1I86 0 - ¥0, 360
C-0 4,5 O0-H 9 N - W0, 330
(ether)

The speed of sound (of longitudinal waves) in solid organic substances having the

density of crystals may also be estimated by formula (2.28) in the absence of experi-

mental data.*

When we use the speed of sound, we can supplement relationship (2.20) by yet another:

C = Cp
R

*Tt should be remembered in this case that waves prcpagating in isotropic solids may
be both longitudinal (compressive strain) and transverse (shear strain). The speed
of sound in a thin plate and in a thin rod differs from the speed of sound in a
boundless medium and from the velocity of surface waves. The calculation formulas
may be found in handbooks (see for example (7)). Estimates may be arrived at very
conveniently with the formula C=vV € /p, where E-—You,ng's modulus and p--density of

the solid. . This is the speed of sound in a thin rod, close to the longitudinal speed
of sound in a boundless medium.
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Here, Cp in the denominator is the specific heat (inasmuch as the square of the

speed of sound has the units of specific energy).
Table 3 gives the values of Cp, Cy, op and C for a number of substances.

Table 3. Density, Specific Heat, Coefficient of Thermal Expansion and the Speed
of Sound for SGmg_Q;ganic Substances

1 2Y 6 opr” C,,M/C
Betrn0 p}ﬁ’ ,c Sr?'t xag;/‘:i 5 el 90217, gm.(:?(s)
Tpomiz  (2930)1,663 {1,373 |1,243 | I,105| 0,32: 2195 |
N (354K 1,470 | 1,604 |0,983 | 1,63 | 1,05 | 1516 |1600
Torpuz (8) . |1,73 |o,%2 {0,616 | 1,15| 0,32 |2191
Tescores (9) 1,816 |1,248 {1,135 | 1,10 | 0,25 |2621
= Ton  {10) 1,773 |1,67 |1,33 | 1,26 | 0,5 {2431

Hispovaunepus (11}1,60 |1,67 |I,22 | 1,37 | 0,85 |I714
Hurporausoss (12) 1,49 |1,67){1,26 | 1,33°| 0.85 | 1608
Werumgurpor (13)[1,21 |2,035 |1,453 | 1,40 | I,3 | 1275
Hurpousres (14) |1,13 |I,7ee |1,223 | 1,42 | I,2¢ [1293
Hutpooenaos (15) 1,207 |1,511 |I,168 | 1,293] 0,83 |I540 mg
| Toayon  (16)  |0,867 1,706 {1,235 | 1,38 | T,I 1330
Msrewca (17) . |0,791 {2,571 {2,197 | 1,17 | 1,2 | 1II2 1122
- Yaopogopu (LB) |T,489 {0,967 {0,653 | 1,48 | 1,23 | 939 | 995
QB!NPQXIXGPKG?Tb) 1,59 0,858 {0,592 | 1,45 | 1,236 866 | 930

BioachoRy (20) 12,89 [0,515 |0.289 | 1,78 | 1,27 | 744 | %08

*The value of c§ for nitroglycol is assumed to be the same
as for nitroglycerin; formula (2.23) for an ideal gas
produces close values for these two substances.

Key:

1. Substance 11. Nitroglycerin
2. gm/cm3 12, Nitroglycol
3. kj/kg*°K 13. Methylnitrate
4. m/sec ’ 14, Nitromethane
5. From formula (2.17) 15. Nitrobenzene
6. Experimental - 16, Toluol

7. Trotyl ' 17. Methanol

8. Tetryl : 18. Chloroform

9. Hexogen 19. Carbon tetrachloride
10. PETN 20. Bromoform
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The system's entropy may be found by equation (2.1):

N L &,41}{357;4@@;_4
= GadT, (30)Jv = ST s ipt#

In addition to (2.1), we use equations (2.13) and (2.14) to write these equalities.

Integrating (2.30), we get:

s-s.sfﬁlg—l,!ﬁ,%.ly em

The dependence of specific heat (y on temperature is obtained experimentally, or

it is found from formula (2.23). The derivative

(B, = G- dplly @2

Thé entropy of an ideal gas (or mixture of gases) may be calculated using equation

(2.2):

U Y AT W T et
or

T o
o8 . [lpdloT-Rf Nl .5

Tn an isobaric process,

- !.:.-fr:-{rf,cl&'r (2.”_-
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In an isothermic process,

e
e ?r«—!f“/n,nJ&/)a-,{’,ﬂ,!n/‘:; :

~

2.55)

In an adiabatic (isentropic) process,

'.' PO ’ [ [] F]
rj{;,(/ﬁ, I r,ﬁ] mdbop-0 oxr ¢-1) < 8L 8% (2.36)

it follows from relationships (2.34)-(2.36) that when adiabatic expansion of a gas
occurs, pressure may be calculated if we know the entropy of the gas at atmospheric
pressure and at a temperature corresponding to the given degree of isentropic ex-

pansion:

I (%.) = —,,;—E;(\S,’ - S:,‘) (2.37)

Syr is the entropy of an ideal gas at the given temperature, and pressure P0==105 Pa
is called the standard entropy. It follows from (237) that change in entropy in
an isobaric process may serve as a measure of pressure change in an adiabatic

process.

At Ny, Cp=const. in an adiabatic isentropic process,

an(p/pu)u'cpln('['ﬂ'o) ‘or P/P“="Tﬁo)cp/n

Considering that Cp=yR/(y-1) and P=RT/V, we can write

1) .
B/Ry = (Trr,,)"" = (h¥ " (25
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- This is Poisson's adiabatic equation.

To complete our list of basic thermodynamic relationships, we need one more function
- of state that is often used in calculations associated with combustion processes-~

the reduced thermodynamic potential:

N
(p ° ~ (’ ° - -!{,-;./—/!.‘
rooor T

(2.39)

As with entropy, the reduced thermodynamic potential is characterized by the fact

that it converts to zero at absolute zero for most substances.

3. The Equation of State

3.1. An Ideal Gas

Before writing the equation of state for an ideal gas--one of the fundamental laQs
of nature*--we will examine partial gas laws from which it was obtained. These
laws were obtained as a result of physical measurements made over a period of
about two centuries, and as we know, they zre of interest on their own. We will
adhere not to the chronological but to the logical sequence of presentation and

to the commonly accepted modern terminology.

1. Dalton's law (John Dalton, 1766-1844): The pressure of a mixture of several
nonreacting gases is equal to the sum of the partial pressures of each of these

gases.

*It would be interesting to note that despite the fact that this law is so funda-
mental, the equation of state for an ideal gas is purely approximate. From this
standpoint this is a typically technical or technological law. Incidentally it
does enjoy broad use in engineering.

21

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000500050008-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3

2. Law of multiple proportioms (Prout, 1799; Dalton, 1808): Volumes of gases

entering into a reaction relate to one another as small whole numbers.

3. Avogadro's law (Amadeo Avogadro, 1776-1856): Equal volumes of gases at the
same temperature and pressure contain the same number of molecules (at given P and 7,

the molar volumes of all gases are equal).

4. The Boyle-Mariotte law (Boyle, 1662; Mariotte, 1676): At constant temperature,
the pressure of a certain mass of gas is inversely proportional to the volume of the

gas.

5. The Gay-Lussak law (Joseph Louis Gay-Lussak, 1778-1850): At constant pressure,

the volume of a gas is proportional to its absolute temperature.

6. Charles' law (1787): At constant volume, pressure is directly proportional to
the absolute temperature of a gas (a different interpretation is: The pressure of
a certain mass of gas, when heated 1°C at constant volume, increases by 1/273d of.
the pressure at 0°C).
Let us write laws (4), (5) and (6) for 1 mole of a gas:

(W) at 1= Lot pe AV

(5) at P = (‘t]ﬂ.ﬂt Wy = c:l().;T
(0 at Vi=lonst  pe AT

where Vp--molar volume, o;, 02 -03-—constants.

Note that inasmuch as at given pressure and temperature, according to Avogadro's
law (3) the molar volume of all gases would be the same and constants 01,

oy and a3 would be exactly the same for all gases.
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Let us obtain the appropriate partial derivatives from relationships (4)-(6):
//l-), N . V”
\ OV ( L (3.1.)
/)
We immediately see that these derivatives form a general thermodynamic identity:

/ /DP /[) I/ /,7
o) () (2)

But this means that the pressure, molar volume and temperature of a gas are asso-

ciated with each other by a single functional dependence common to all gases:

- )[(l:’: VNI {) n 0 or /‘, i /D (,V’" ’ I) (3.2.)

The form of this dependence is easily found by differentiating (3.2):

dp - (.L’_)‘/n(’.‘zj JT- LRy i

and integrating the resulting expression:

.(/”/.) z - [’_ﬂ %, rlph f:{"“/)Sf, or f"/v/f- ("a"ilS/.'A),x (3.3.)

Thus we arrive at the famous Clapeyron law--the equation of state of an ideal gas.

Constant Ry may be obtained experimentally; it is the same for all gases.

Rp=8.315 Pa°m3/(mole-°K) = 8.315 j/(mole+°K) =1.987 cal/mole*°K. Substituting the
molar volume by specific volume, we get

pV-RT : ' (3.3,4)
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where R =Rgy/M--specific gas constant (different for different gases); M--molecular

weight of the gas.
If V¢ is the volume of the vessel and ¥ is the mass of the gas within it, then

" and pjs. . AT oy
Vi=VeM/m 203 ple . BERT (5.5.9

This is the Clapeyron-Mendeleev law.

Inasmuch as 1/Vy=C is the concentration of a gas,

/'.) = (’/(07 . ' (5.30)

or for a mixture of gases,

R A [' T
Y A (3.5,
where P; is the partial pressure of the gas.

In accordance with Dalton's law P=2Pi, since C= ZC.,; (the total number of molecules
in a given volume is equal to the sum of the numbers of molecules in the different

gases). Other relationships for partial pressure are:

/DL ‘,"‘/V‘AP P '—"/,z,“/:' = (/)4‘:/}/0/,/.) (5'4.)

Partial pressures enter directly into the expression for the equilibrium constants

of an ideal gas:
’ - 3 - vea e - . B
: Kp=¢e Tip s £y (3.5.)

Here ll--multiplication symbol; v and vj--stoichiometric coefficients of corres-

pondingly the reaction products (the right side of the reaction equation) and the
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initial substances; AGI, and A¢p*--change in Gibbs' -~aergy and in the reduced thermo-

dynamic potential as a result of the reaction:

Aﬁ}.‘-'“ q),“r"-' alr-TaS$,-

3.2. Real Gases

3.2.1. Noble's and Abel's Equation

When the temperature of combustion products is high (1,000°K and above) the equation
for an ideal gas may be used with relatively small error (up to 2 percent) at

pressures up to several hundred atmospheres.

At higher pressure (up to several thousand atmospheres) we use a simplified

van der Waals equation*:

{ , 7 Py
’f.‘ (V- l/,‘) =R1", ox: T I-v (3.6.)

where V--specific volume of combustion products at pressure P and temperature T;
Vg--so-called covolﬁme, which accounts for the volume of the molecules themselves
in gaseous products (Vg is about four times as large as the total volume of gas
molecules) and, in the case of gaseous suspensions, the volume of the condensed
substance. Vg is expressed in cubic meters per kilogram of explosion products.
If g; is the proportional weight of condensed product ¢ and Vj is the specific

volume of gases under normal conditions, then

v, - 4001 Vo o Z gV (3.0

*We should note the fact that the first to discover and explai: the difference in
behavior of real and ideal gases was M. V. Lomonosov; this is sometimes called
ILomonosov's equation (8).
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The following terms are introduced for the internal ballistics of gunbarrel systems

(in relation to which we mainly employ equation (3.6)):

R1, -4, t/v=4a

Ty--temperature generated by combustion of powder in an enclosed space in adiabatic
conditions. The variable fh, which is expressed in the units of specific energy,*
is called the "powder power," and variable A is referred to as the "loading density."

Equation (3.6) takes the form:

/3 I vy (3.8.)

Formula (3.8), which was obtained experimentally at the end of the last century,

is called the Noble-Abel equation (sometimes Abel's equation).

If gas pressure is greater than several thousand atmospheres the dependence of
covolume on pressure must be considered. Assuming that covolume is a function of
just specific volume alone at high temperature, M. Cook obtained a single dependence,
Vg(V), for the explosion products of 14 explosives in an interval of V values from
0.2 to 1.4 cm3/gm (a specific volume of 0.2-0.4 cm3/gm--that is, a density of 5-2.5
gm/cm3-—corresponds to the explosion products of lead azide, mercury fulminate and
mixtures of trotyl with a large quantity of lead nitrate). The dependence Vy(V)

can be expressed approximately by the following formula (Johanson and Person, 1970):
vyv

Ve = Ve (3.9.)

*At constant heat capacity fy = (y-1)E, where y=Cp/Cy; E--specific intrinsic energy
of the gas.
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There are two constants in this formula that are expressed in units of specific
volume:

VKO =1.0 cm3‘/gm and 70=0.4 cm3/gm

3.2.2. Equation of State With Virial Coefficients

If we write equation (3.6) in the form

PV A g Y K )t
A"I' . '2‘/0’ /-'V /- IV /+ % '(V}"(}.[D-)

(we use the expansion (1-2)~ ! = 14x+... at x<<l to obtain the latter equality),

rhe
it is easy to see that relationship between the Noble-Abel equation and an equation

of state for a gas containing virial coefficients:

W " e
- 2{177'— /-f éd t %—:,3', (3.11.)

obtained on the basis of Boltzman's virial theorem (the theorem on expansion of

the function of state into a series in relation to small powers of dénsity).

Here, Bj, By etc. are the second, third and subsequent virial coefficients depending
on temperature and not depending on pressure. The second virial coefficient in the
model of rigid spherical molecules is equal to the covolume (that is, it is four
times larger than the volume of the molecules themselves), and the third and fourth

virial coefficients are proportional to the corresponding powers of the second:

5 ¥

. 2
e A ) Ba 04 B8,
f,-;— SAr) =10 2 1 0825 F0287 5 BB 2)

The second virial coefficient in this equation, By, is obtained by summing the con-

tributions made to its magnitude by gaseous explosion products:
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Table 4 gives values for coefficients Bj{.

Table 4. Second Virial Coefficients for Gaseous Substances, BZi' cm3/gm, at 3,500°K

15,24 21,21 37,0 54,0] 33,0] 63,9 | 14,0 | 30,5)37,0] 7,9

3.2.3. The Becker-Kistyakovskiy-Wilson Equation

Substituting By/V =X in equation (3.11), we get (ignoring all but the first three
terms of the polynomial)

e

. . X V .
LYooy, X{/,.ﬁ’,\'): VG PSR R TR

Here B '=B3/B%; the latter equality is obtained by using the expansion EB'X51+B'X.

When we use the potential for interaction between molecules in the form

- Vi) R
[—r 2 A, T

the second virial coefficient may be expressed in the form

B =KT 37

where K is proportional to the covolume and represents the sum of the products of
the corresponding values of each of the gaseous explosion products times their
molar proportions in the mixture. In order to keep pressure increasing to infinity
as the temperature tends toward zero and keep»(aPyaT)V positive, constant T' had

to be added within the range of specific volumes of interest to us. The expression
for X is found to contain three constants, the selection of which must be made

with a consideration for experimental data (the fourth constant contained in
equation (3.13) isB':
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/e - .K.f_._”.__f L X Yook
S yhg T S T wi
V(7 7)"’ v (r.T' )%’ (3.14.)

Equation (3.13) with parameter X , given in form (3.14), is called the Becker-
Kistyakovskiy-Wilson (BKW) equation. It is broadly employed in the USA (2) to
calculate the detonation characteristics of explosives. Good results were obtained
for trotyl and hexogen using the constants shown in Table 5.

Table 5. Constants in the BKW Equation of State Used to Calculate Detonation
Characteristics of Trotyl and Hexogen

’ ’ ——— L S
T M Mt A" | 1 [0 Jeu, [0 ] iy
0.09% |12, 1 e e et

TNT )
oo bt V)
“Hexogen|o,i6 |io,91 | " | #9020 | 60 | 30 |3

p=ba Joiy eyl X

3.3. Gases at Ultrahigh Pressure and Condensed Substances

- One shortcoming of all of the forms of the equation of state given above is that
they do not contain the cold and elastic components of pressure and intrinsic
energy. In all cases except (3.13), at T=0 pressure becomes zero independently
of Vp--the specific volume of the substance. But the theory of the structure of
matter indicates that at absolute zero, pressure and intrinsic energy are functions
of volume, and when the latter changes (especislly when it Qecreases) they change

a very great deal.

The general form of an equation of state taking account of this circumstance was

given earlier as relationships (216) ‘and (217) :

/D‘Pa "FFT and: [r Ex-fﬁ-’..
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where Py and Ey--potential and elastic or "cold" components of pressure and intrin-
sic energy, associated by the relationship ‘J E P ,:é/V-: OE/ 252; 5‘ —/f ; Pp and Eq—-
thermal (that is, depending on temperature) components of pressure and intrinsic

energy.

The dependence of the elastic energy of a solid on specific volume (Figure 3) has
qualitatively the same form as the curves describing the dependence of the energy
of interaction of two atoms in a molecule on the distance between them. The depen-

dence of elastic pressure on specific volume is also shown in Figure 3.

The value for specific volume at T=0°K, Vgog, corresponds to mechanical equilibrium.
Cold pressure at this point would be equal to zero.* The forces of attraction and

repulsion balance each other out. Elastic energy is minimal in this case.

When a substance is heated, it undergoes thermal expansion: Thermal pressure,
which is always assumed to be positive, arises. Elastic pressure becomes negative
in this case: It compensates for the action of the stretching forces that increase

specific volume. In terms of absolute value,

I! le =‘PT | .

Negative pressure can be estimated from the heat of sublimation of the substance.
By definition, the area beneath the curve representing cold expansion of a solid
between zero volume and infinity is equal to the energy of sublimation:

Es "‘_J PIJV“ ‘“xm«x' aV
vor

*We ignore external (atmospheric) pressure when examining condensed substances.
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Assuming that bonding forces diminish significantly as the interatomic distance

~doubles (that is, when AV“—'lOVooK) , we get

")lkuu,"'Eg/lUVUl_

For iron: Eg =94 kcal/mole =7.0+10% j/kg
For aluminum: Eg=55 kcal/mole =8.5+10% j/kg

This means that for iron and aluminum, lPXmaxl is, respectively, =6¢10° and

=2.5+10~9 pa (that is, 60-103 and 25:103 acm).

The forces of repulsion, which increase dramatically as atoms come closer together,
play the main ).;ole in relation to compression. Therefore when V<V0°K, pressure
and energy increase quickly. When the specific volume of iron is decreased by a
factor of 1.5, elastic energy Ey increases by 2.4-108 j/kg while elastic pressure

- attains 1.33+10!! pa.

3.3.1. Debye's Thecry

The derivation of the equation of state of a condensed substance (9) is based on

the following premises.

If temperature is not too high the atoms of a solid are locked within cells formed
by their closest neighbors, and they make harmonic oscillations relative to their
equilibrium positions. Exit from such a cell would require surmounting a potential
barrier equal in order of magnitude to the substance's energy of evaporation or
sublimation. For many substances this energy corresponds to an increase in temper-
- ature on the order of several thousand degrees. When compression occurs, the

height of the potential barrier grows intensively as a result of growth in
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repulsive forces, and it becomes even harder for the atoms to leave their cells.
In this case the properties of a liquid begin to approximate those of a solid.
Thus atoms continue to make harmonic oscillations over a broad interval of pressurés

and temp:ratures.

In an elastic solid, three independent oscillation directions exist in rela‘tion
to each wave--one longitudinal and two. transverse. Assume that an isotropic
elastic medium is contained within a rectangular box Qith sides aj, ay, A in line
with coordinate axes X, &, ®3. Then those stationary waves propagating along
axis x; for which half the wavelength is a whole multiple of a (A/2 =a1;/Z,,;, or
2/\= Zi/a'i' where Z’i is a whole number) correspond to box dimension a;. The

general limitation for waves traveling in an arbitrary direction is

(2720 (& 10 (810" (B/a,)*

for a given type of oscillations (longitudinal for example) the number of possible
wavelengths greater than lg would be equal to the number of positive whole numbers

11, L2, l3 satisfying the condition:
(-é".)‘ . ([' y ,f,s.)a‘; 2.)?
€, e ”.é, {J’a ’
that is, it is equal to the quantity of integral points within an ellipsoid:

(L) (f) (5)1

the coordinates Z’L of which are positive whole numbers and the semiaxis of which
is bi =2 aj/Ag. The volume of such an ellipsoid is %ﬂblbzbg. If we divide the

ellipsoid in Cartesian coordinates by planes Z1¥2, X1X¥3 and Z2%3 we get eight

octants, the volume of each of which is (n/6)b)byb3. One of these octants
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corresponds to positive values of b; (the one located in space (Z;,75,13)>0).

The number of possible wavelengths greater than Aj is

E Lnoag0s iy

S

where V is the volume of the box. Thus the number of stationary longitudinal

waves is directly proportional the volume of the box V=ajasa;. The velocity of

a wave in an isotropic medium does not depend on direction, and when Ag<<(a;,az,as),
it does not depend on wavelength either. The relationship between the velocity of
a longitudinal wave on one hand and frequency v and length A on the other has the
conventional form (7 =Av (a quantity v of waves with length A would fit within

C1). The number of possible frequencies less than vy in this case would be

, 3
_I__(_: * — %
3 L, )
Similarly if the velocity of all transverse waves is (g, then considering the

existence of two independent transverse oscillations, we find that the total number

of frequencies less than vg is

) ar irv)?
_EI 5;3 Vot 2_:.’_. 0." V a ._L;._s. ,

where | .3 (’ -

types.

Differentiating expression (3.15), we get the number of simple oscillations with

frequencies in the interval between v and v+dv:

414 )V (3.16.)
¢ . .
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let us interpret each such oscillation as one of a harmonic oscillator, the zero
energy of which is adopted as the energy of its lowest quantum state. The oscilla-

tory statistical sum of such an oscillator would be

. hKTN -1
X (1-¢7)

(3.17.)
The sum total in relation to the states of all oscillators, Z(T), is the derivative

of a function having the form (3.17), the powers of which are determined from (3.16):

| e RECD)
. o < bk
;(’)~ ”a (f—(? K ’) c.“ (5.18.)

Expressing (3.18) as a logarithm and correspondingly substituting the product by a
sum and the sum by an integral, we get

; oA N . -‘h)/xl'
R 21V [ )t
lul“)-flmw}/)&W'e )J)(LWJ

We integrate in (3.19) in relation to all stationary frequencies from 0 to v® (in
compliance with Debye's theory we assume that there are no frequencies higher than

vo).

A real solid consisting of N material points may have not more than 3N oscillation
frequencies. Basing ourselves on this condition, we can estimate v'. We find from
(3.15)

sl
TR A4 bo =

50}

V. -
V3T (3.200)

34

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3

FOR OFFICIAL USE ONLY

This frequency is characteristic of the given elastic medium. It is called the
Debye frequency, and it depends on the number of particles per unit volume and on
the mean velocity of elastic waves. Computations show that at vsvo the wavelength
corresponds to several thousand elementary cells, and consequently interpretation of

the medium as an elastic continuum is fully valid.

Let us introduce Debye's temperature:

: /3
) le
) };‘(Q_ ('Zi‘? (3.21.) |

!
g,- 4

The oscillatory sum (3.19) takes the form:

: &, 4, 0/T .
&z(r)~-m;/y'%(/-; T - an(TS) 0 Mz

where 'lA" // l’, and = I.J" -.hy /f are integration variables.
7K V=8,

Statistical physics providesthis expression for free energy, F(T):

FAT)=-K18n 2 (T) (3.23.)

Ignoring the contribution made by free and bound electrons and the orientation of

nuclear spins, we get the following for the free energy of an elastic solid:
! 4,
. 2 2y
Fety 1ty 94'17/[ aft-e’ )'/7 (3.24.)
p 4

f,,’[w‘lx is the contribution made by the potential energy of atoms in zero oscilla-

tion state at T=0°K. Using (3.16), (3.20) and (3.21) we find the contribution made
by the energy of zero oscillations:
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idy)) “/(5 )/

Ry

4‘;’;‘ 9

’ /-/V.; 4 ;,4'/)»?(}? Kty  (3.25.)

¥
X

For many solids, energy Ey, is small in comparison with crystal bond energy. It
plays a noticeable role in molecular crystals, and it is so great for helium that

at normal pressure, even at I'=0°, helium remains liquid.
It follows from the thermodynamic identity (2.4) that

) ) O

Keeping in mind that E’n, Eyxs Vo, v and consequently n do not depend on tempera-

ture, we find from (3.24) that

3) s..ll[ ,
" ] 7 ¢ Jl 7d2~_
NN IR L jﬁk'[ T bt A ‘)] G
.~ ) , ) S - )
or F=t '«"fl - '“‘”( , (-‘Vk‘»‘\’_) (3.7
(l, P e
where by -Jer) (”)/ 1) (3.26

is the component of intrinsic energy contributed by thermal oscillations of particles

at the junctions of the crystalline lattice.

8 /T
/H RS {lz
pi) - /u,,) ‘/ ! (3.29)

is Debye's function (see (5)).

At low (Op/T>>1) and high (€p/T<<l) temperatures expression (3.29) is integrated
analytically. At low temperature Debye's function D= (.’Z’/@D)S. At high (0p/T<<1),

D=1. In the intervening temperature interval (3.29) can be integrated numerically.

We calculate pressure using (3.24) in correspondence with the second expression

of (3.26):
36
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iy P : '5'-’> / / { ¢ . .
[T - n [{- 7 "
! sy ! YR fy, ,,,,7) 5 Z

; Y/ A J”
}.r_ f.f ,,,’- ¢ IR ---“--'-Df em/, j“', :
Az Uyiiys,,
A v 'th v
Py P y,\ ,“ '/ 6‘,1// i <A T I (—0;)0j ef’:-{L
or
7 P . (3.3%0
~ NV Ty 9' redl ,:/:},/1)-} r-'é-f,.;: { [) )

where

J (v Poing. <

re ) 088 @b (3.31)
’Plub Y YR

" is Gryunayzen's parameter, a dimensionless variable depending on volume and (in thie

approximation under examination here) not depending on temperature.

Formula (3.30) or the Mi-Gryunayzen equation, written using the symbols of (3.28),

(3.29) and (3.31), is the sought equation of state.

Pressure resulting from zero oscillations of a solid is

Ber. _ 9 v

P 17 g RpOT
Under normal conditions this pressure attains several kilobars, and it increases
as the volume of the solid decreases. Correspondingly we can also obtain, for a

solid, the contribution made by zero oscillations to the modulus of cubic com-

pression:

'!P“‘ 3 V 7770&/1
b ==V =gy A7 (1= 555

The characteristic Debye temperature--Op--is a significant element of the equation
of state for a crystalline substance. It may be determined from the dependence of

atomic heat capacity on temperature:

37
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3

L jok)_ aEY G WYL gtk O
&) o | e (Y e

3 /T .

where D) (6p/T) is another Debye function (see Appendix 4 in (5)). This function
also varies from zero to one as the temperature rises from zero to infinity. At

- low temperature (Op/T>10) it equals 78 (T/OD)s, which corresponds to the relation-
ship CV¢T3, obtained by Debye back in 1912. At high temperature Cpx3R =25 j/mole-°K.
This is the well known Dulong-Petit law. Of course the latter was obtained for
specific heat at constant pressure Cp, but according to expression (2.20) , in terms
of gram-atoms the difference between Cpand Cy is not very large, averaging just

~1.6 j/mole-°K.

Op in (3.32) is found as a reducing parameter from the experimental dependence of

heat capacity on temperature (see Appendix 5 in (5)).

Another way for calculating Op requires interpretation of a crystal as an elastic
isotropic medium. An isotropic solid has two coefficients of elasticity--the
compressibility coefficient B p and Poisson's constant op. The speeds of sound C1

and Cp are expressed in terms of Bp and og as follows:
F28MH-0u) a2 3(4-26n) Lo ATy YA, 2
G- 77 ox g3 (n’) st

Ty 2T w i)

When we know B O and p, we can find @D'

The table below compares Op values obtained by these two approaches for four metals.
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Characteristic Debye Temperatures

, 3T soqolls =
SEREL i S N T O
TR PR 1,36 0,337 | 398 402
LG 8,96 0,74 0,334 | 315 332
Loy s | o 0,579 | 215 214
L b 11,32 2,0 0,446 | 88 73
Key:
1. gm/cm3 3. From
2. mZ/Pa . 4. According to

The closeness of the values is doubtlessly very good for a theory derived so approxi-

mately.

Crystals Consisting of Molecules

The formulas of Debye's theory may be applied directly only to crystals consisting

of atoms of the same sort. If a crystal consists of N molecules, each with s atoms,
then in addition to 3N oscillations distributed as per Debye's theory, to describe
the state of the crystal we would have to add 3N(s-1) oscillations associated with
the internal degrees of freedom of the molecules (it is usually assumed that motion
within molecules and relative motion of molecules within the crystalline lattice

do not depend on each other). We will interpret internal degrees of freedom as
simple harmonic oscillations of the same frequency, and correspondingly we repre-

sent their contribution as Einstein's statistical sum:

35 -Bﬁ
ﬂ('f‘ei ¥
i4 _

The logarithm of the statistical sum would be:
Yy 7 1 i T
' T 2 1 gy 4.0 )
bt (0)--9n(F) ) Pl Tz tagie ")
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Free and intrins{cenergy would correspondingly equal

g3 HIT RN TR F O LN
Fab, w,er(-é;/}.} f'z&(/— e ‘_/'Jff e‘riz_ﬂn (1-¢ g‘”’j

{3.35)
Sl o 32TD( 4 3 _gt /'T_ -0 L i) :"(2)
Ex L IRIMEM) 2 RTE Bl " b 65 (55

where yy is the energy contribution of thermal oscillations of atoms in the

molecules. Differentiating (3.36) with respect to T, we get the specific heat

- PR o sy ET
- . cv Ey 40y -323,(0_,/T) :.Z; —(-E—ll—:_/“l{:el-)‘.i* (3.37)

Comparing (3.37) with (2.22) and (2.23), we find that in the approximation under
examination here, the expression for specific heat of a molecular crystal at
Op/T<<lis similar to the relationship for heat capacity of an ideal gas consisting
of nonlinear molecules. If we assume that the internal degrees of freedom of a
molecule depend weakly on pressure and volume, and if we ignore‘the influence of
V on 07, then in accordance with (3.26) and (3.30) we get the following expression

for pressure:

' 1 (i
ot o B 2R3 (2) e £,

() y

. D/{ (-&y - £7) (3.35)

The third term of the expression for free energy (3.35) does not contribute to

pressure.

Debye's theory is one of the fundamental theories of physics. Naturally, however,
in view of the structural complexity and diversity of condensed substances, its

conclusions nust be approximate in nature. This is especially true of the
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in-between range in which the frequency distribution function (3.16) obtained fér
long-wave low-temperature oscillations applies to the entire interval of ﬁempera—
tures, up to the extreme highest, at which point the solution once again becémes
statistically valid (10). Also important is the fact that the theory does not
account for the anisotropy typical of crystalline substances or the relatively

high mobility of particles in a fluid. As was noted earlier, the latter becomes
less significant.at high pressure, which limits the mobility of particles so much
that the state of both a liquid aﬂd even a gas could be described by equations such
as (3.30) and [equation number illegible; possibly (3.38)]. wé will henceforth need
only these two equations. A reader wishing to acquaint himself with the equation
for the state of crystals with ionic and complex lattices and consider the influence

of free and bound electrons would need to refer to more-~detailed handbooks (9).

Gryunayzen's Parameter I

Gryunayzen's parameter, which is fundamental to an equation of state for a condensed
substance, may be obtained by differentiating (3.38) with respect to energy at con-

stant volume:

_( .- (/5“)' ’m ), O(FJHL-UU 'ﬂ)

wE /i f,hE “:/v

X3S
(,,[.,,)) AN {‘—') .%’
. ""a"’ 6 () gl A6E) 4% ?%ET") 33

In the general case CV(l) is determined by formula (3.32). At (@p/T)<<l, we can
assume Cv(l) =3R. The values of op, B and p are known for many substances under

" normal conditions. Therefore there is usually no difficulty in calculating P{Vb).
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Slater's formula can be used to calculate Gryunayzen's parameter at high pressure.

- This formula was derived with the assumption that all frequencies in an isotropic
solid are proportional to the speed of sound le =§ (m-:.)éx/W)I/ZJ and inversely pro-~
portional to the distance between particles 'r'—l"f’ﬁ.i

23, ap, U2
J~-v r.w‘)

From whence we get

)y B S s

M= 2wy =72 55 75¢ =3 (3.40)

The following formula gives values closer to experimentally obtained values for

ionic crystals and metals:

o ar(p ™) g

Al ‘
== "/')7?,,".7'35'/'-{')/,” t3 (m-2) (3.41)

In this case m=1 for metals in most situations, while for ionic crystals m=2.
In many cases the dependence of Gryunayzen's parameter on the specific volume of a

solid is close. to a direct proportion:

L. !'--{--V:J = Const (3.42)

Potential Components of Energy and Pressure (11)

The energy of a crystalline lattice is determined by forces acting between its
elements. These include attraction forces-~Coulomb, van der Waals and valent,

and forces of repulsion--Coulomb or quantum.
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Coulomb attraction dominates in ionic lattices. Its energy has the form -aq/»,
where ¢ is the least charge of the ion, r is the least distance between ions and
o is Madelung's constant. Forces of repulsion are produced in ionic crystals by
overlapping of the electron shells of the ions. These are quantum forces which
decrease exponentially with distance. The potential of an ionic crystal may be

written as:

£, =3 la,)k c!f(“, (- ;f‘)] Ja,l/.(!ir—/—’{ (3.43)

where @), @, and a3 are constants and r=V1/3,

The potential part of pressure is

he -t (e [0 0-F) 0B G

The potential part of the modulus of cubic compression is:

" 51'52 - ()00, ,z)¢1fﬁ7,(:-;7)]-ga,(,rri)'(;.us)

The forces of attraction in molecular crystals are van der Waals forces. Their
dependence on distance is -¥(»)/r®, where ¥(r) is some function of distance. As
in ionic crystals, forces of repulsion are produced by overlapping of electron

shells.

Potential energy has the form

Lo-d0a ra)b e, (1 /I)l - ”z’ b (’;J (3.46)
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Potential pressure is

. _ o
Pe-a,( }_5')eetfl a,(1- ,’ ,')j - A, (;r ; (3.4%)

The potential part of the modulus of compxession is

A’ﬂ = Q_( f.‘)"(az;f '?)ufl.”a (1- f"_.:)]"mJ(",:i)ﬂ (3.48)

In the case of metals the forces of attraction are produced by Coulomb interaction
of free electrons with positive ions as well as by the volume energy of free

electrons. In both cases energy is proportional to rl, Cdulomb forces of repul-
sion may be combined into a single term together with forces of attraction. Repul-
sion forces stemming from overlap of electron shells have the same form as in pre-
vious cases. Fermi kinetic energy of free electrons also causes repulsion. It is

proportional to r2,

The resultant potential is

E, -0 m/-[ A, (1- ;'f/)]e u,(;rf)z' "4(‘?) (3.49)

In alkali metals the forces of repulsion are produced mainly by Fermi kinetic energy
of conducting electrons: The first term in (3.49) may be ignored. 1In a number of
cases exponential repulsion plays the main role, and the second term of (3.49)

may be ignéredu In the latter case the components of pressure and the modulus of

cubic compression are determined by formulas (3.44) and (3.45).

- 44
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Many authors use exponential potential:

) 7] b 3,50
i) & - (3.50) -
where, as in the previous cases, the positive term represents forces of repulsion
and the negative term represents forces of attraction. Obviously as » decreases
the repulsion forces decrease faster than the attraction forces (n>m). In most

cases n=9-14; for molecular crystals m=6, and for ionic crystals m=1.

Leonard-Johns usec potential (3.50) at m=6 to describe the behavior of compressed
gases and (in the free volume theory) to arrive at an equation of state for fluids.
The theory of free volume gives us the potential for spherical apolar molecules

(3.50) in the form

£(r)- ,/5;"—, ({‘)ﬁ[(/,i)s‘ (?)‘]. (3.51)

where € --maximum energy of interaction, and ry--effective collision radius, for

which E(r) =0. At S=12 this is the so-called Leonard-Johns potential (6-12).

For it,

N

by senl (2 (5] © A L)
by - 5= [10(4 ) !(JT//L)] (3.52)

These expressions are much simpler than (3.46)-(3.48).

We can also calculate Gryunayzen's parameter:

T34+ k) - §
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The relationship between V., Vyox and V, is diagrammed in Figure 3.

Ve

Figure 3. Dependence of Potential Components of Infrinsit Energy and
Pressure on the Specific Volume of a Substance

4. Chemical Equilibrium in the Products of Combustion and Explosion

4.1. Moderate Pressure

Table 6 shows the basic equilibrium reactions in the explosion and combustion pro-
ducts of commonly encountered explosive systems (C, H, N, O, C1, P). The enthalpies
of these reactions and the expressions for the equilibrium constants are given.
Partial pressures of gaseous substances aie expressed in atmospheres. The partial
pressures of condensed substances are given in dimensionless units. The formulas
for the dependence of equilibrium constants on temperature were obtained by plottiig
the tabulated data in coordinates 1/T-[symbol illegible]. For all reactions except
(1), straight lines are obtained with good accuracy within a broad interval of

temperatures (500- [number and units illegible]). The constants for the reaction

were obtained in a 2,000-4,000°K interval.
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Basic Equilibrium Reactions in Combustion and Explosion Products; Value
of €oefficients 4 and B in the formula lg Xp =A4-(B/T)

Reaction Equations

has the form K; =

For example, Ks -

d
ny - n,t. P
——t [
Ny - Na fy
——
Now (M,

n "0

P"‘l

)f vd (-6

No. AHr, o V—A B ~
1| €Oy + Hy2= CO 4 HyO 1,23 1100
2 { c0, + C,= 200 8,73 8480
3 | 1,0 = ou + 7 b 3,65 14800 -
4 | C, + H0==CO + 3, 13,06 11560
5| CH, &= Cy + 2H, 5,75 4740
6| utg= Fu, +4H, 6,00 2710
7 [ B, v do, = w0 0,65 4750
o | o= | 1, ~6,35 4970
9| Hr = i, + B, -0,10 14260
1 N, = 2 ' 7,20 49910
0, & 2(0) 7,10 26490
izl oy = an 6,30 | 25470
13| crp==act 6,40 13220
U A 6,70 700
18] €O = €0 + 30, 4,30 14510
Note: The equilibrium constant for the reaction

W) ah +€B=dD 2+ f1

, i
e Mo My

Moy - i 1.1,

Thermochemical calculations are now usually made using the equilibrium constants for

atomization reactions.

that the initial substance had broken down into atoms, which then group

These constants may be used on their own:

It is presumed

together

in correspondence with the atomization reaction constants into the appropriate

- groups --molecules or radicals. On the other hand these constants can be used to

derive the equilibrium constant for any equilibrium chemical process.

47

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3

For example



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3

8 \ran s s svaiaas vecas s tmea

for reaction (1) (Table 6),

€O, + H, == CO + Ii,0
the equilibrium constant is calculated as

PfQ P!u) l_({:‘ !::

Ky =
LT B BT Ky Kl

where K;% are the atomization constants of the appropriate substances: For example

The values of K;* are taken from handbook (3).

It follows from Table 6 that at moderate pressure the equilibrium of reactions

3, 7, 11 and 12 is shifted leftward to a temperature of about 3,000°K and the equil-
ibrium of reactions 8-10 is shifted leftward to a temperature of up to 5,000°K.

When the temperature is not too high (up to about 3,000°K) and pressure is high
(above 107 pa) there is little OH in the products, and almost no‘N, 0 and H at

all. The equilibrium of reaction 2, 4-6, 13 and 14 is shifted right at high temper-
ature. Methane and ammonium do not form at high temperature and moderate pressure
in systems of conventional composition. Higher temperature promotes formation of
these substances while simultaneously blocking dissociation as described by the

equations (reactions 3 and 10-14).

For practical purposes aluminum and magnesium experience combustion reactions in
the entire range of combustion conditions. These reactions are not shown in Table 6.

It may be presumed that when oxygen is sufficient aluminum transforms quantitatively
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into Al03g, while Mg transforms into MgOz. 1In the presence of chlorine and
fluorine Na, K and a; transform into the appropriate halides, while in the absence

of these elements they transform into oxides, hydroxides or carbonates.

Finally the equilibrium of the reaction of water gas establishes itself in accord-
ance with the size of the equilibrium constant of reaction 1 at the given tempera-

ture and concentration of carbon, hydrogen and oxygen in the system.

4.2. High Pressure

At high pressure, in the range within which the equation of state for an ideal gas
becomes inapplicable, the expression for the equilibrium constant becomes more
complex. In an isothermic process

6= vdp ¥ (4D

At V=RT/P (Clapeyron's equation) we get

d8=Rtdbp and aG=Rhip/p,)  (4.2)

This is the source of the simple relationship (3.5).

At high pressure V#RT/P, relationship (4.2) breaks down, and a dependence arises
between the equilibrium constant (3.5) and pressure. The effect of pressure on the
equilibrium constant may be determined by Lewis' method by substituting partial

pressure in (3.5) by fugacity:

§-9(T)e g‘g ox J&f—%,o—-.‘/%_‘.’gq.;)

Ve d( - a6 = Veip - S§dT, at T = (] we get. (4.1j
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Integrating, we get

L(f/8)= & Svde

- We introduce the coefficient of activity (. f/ps( '} {: =4:/pg)s

bn (63 18°) = bo (Pa/P)+ (I/RT)I:’JP (4.4)
r

We represent volume as V=RT/P-AV (correspondingly, AV = (RT/P)~V), and we account

for the fact that as Pg»0, Yao"l and 1n yg0»0. Then

i
£n ra“ﬁ-’ﬂf‘ Vdp (4:5)

Usually the coefficient of activity is found by approximate integration of (4.5).
Having the isotherm V(P) for a real gas, we plot the curve AV =RT/P-V=AV(P).

The area between this curve and the abscissa from 0 to P is proportional to the
log,a',iithm of the activity coefficient at pressure P. For oxygen at 0°C and
carbon dioxide at 60°C, at a pressure of 2107 pa Yq=0.87 and 0.45 respectively,
while for carbon monoxide at 1.2-108 Pa, Ya =2.22. If a simple analytical ex-
pression is obtained for the isotherm of a real gas, the coefficiént of activity

may be found by quadrature.

Thus expressing V(P) as in formula (3.6):

V.-%l\l/‘ H AV‘——Vk=C¢MSIL

50

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3

FOR OFFICIAL USE ONLY

we get

- Py
bhdy= 7{-}'5 il

)
»‘;o
s

.I
< e
& In

v
-
-
<
<
&

At Vy/Vo=1.103, P/P5=5,000 and To/T=1+10"%, we get 1n y=+0.5; y=1.65.

When we find the equation of state with virial coefficients (3.12) applicable,

v-Alew

where O (1) =1+ x+ 0,652 + 0,267x> + 0,195
X = B\’/V' BQ= z n; Bﬂi ’

By;--second virial coefficient for 1 mole of the given reaction product (see Table 4),

. [ L -
in d'; - ‘] F‘-—"J X - [” (O !'5‘22!! (0"_ 4') Lihetr)

Knowing the activity coefficient yg; and substituting partial pressure by fugacity

in the formula for the equilibrium constant (3.5), we get

) PR, 5o .o
"; = ”ji = 1 /i /'f" )/’i NIEN /7/3.‘.* Kaollp; e

Here the Il symbolizes multiplication of fugacities (or partial pressures) of the
reagents to a power consistent with the reaction's stoichiometric coefficient vg
(for substances in the right side of the reaction equation v;>0, and for substances

in the left side v7<Oh

Thus at high pressure we can use the partial pressures (and molar fractions) of the

components to calculate equilibrium processés, but the equilibrium constant of the
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appropriate reaction, XKp (at a given temperature), must be divided by Ka=nyai"'i

r

where the coefficients of activity yg{ are calculated with formula (4.5) and the

signs of the stoichiometric coefffients v; are determined by the rule given at the

end of the previous section.

For the reaction of water gas (No 1, Table 6):

CC, v = CO & y0
N “
Tofoa ' p S Tin

P Py, I ace - da weo

For the CO, dissociation reaction (No 2):

ARSI
o, ey, ? d"‘”r fag,

At very high pressure and for reactions in condensed phase, it would be more con~

venient to use equation (4.4), integrating it in parts:

i ' L er /(/V poto ) //u/&l {,,//u
Yo

Ja

As follows from section 3.3., functions P(V)are usually given in explicit form

while functions V(P) are given in implicit form.

If we write pressure in the form (3.30) and (3.52) at I'/V=Ty/Vy, Vy>>V and

pop vy (DG e LIy
Y v b
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then we get the following simple formula for the coefficients of activity from (4.8):

A (Y L e e B
R R G A 2
q

. 5. Enthalpy of Formation

Besides the equation of state , the equilibrium constants and the dependence of
iﬁt?insicenergy or enthalpy on temperature, to calculate the thermodynamic relation-
shipsin combustion and explosion products we need to know the enthalpy of formation
of the initial substances and the reaction products. The enthalpies of formation
of organic compounds--the principal ingredients of combustible and explosive
systems--are obtained mainly by measuring the heats of combustion reactions in

a calorimetric bomb. Values obtained in this fashion are tabulated in handbooks
(3,6,12). Some of the values used most often are given in the Appendix in (5).

At the same time 'in view of the tremendous diversity of organic compounds on one
hand and the éomplexity and high cost of reliably determining enthalpy of formation

on the other, methods of calculating this variable are under intensive development.

All existing methods of calculating enthalpy of formation , as well as a number of
other thermodynamic variables (entropy, Gibbs' energy, specific heat), are based on
the principal of additive contributions by groups and bonds. Table 1 in the
Appendix compares some methods in application to a number of organic substances,

as studied in a degree project conducted by I. Ye. Esterman (1977). It also gives
the :2sults of his calculations for group contributions obtained by Esterman and

V. M. Reykova from an analysis of formerly published experimental values of

AHf. These contributions are brought together in tables 7 and 8. Table 1 in the

Appendix gives the differences (in kcal/mole) between the AHf values obtained
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Table 7. Contributions of Functional Groups to Enthalpy of Formation of Aliphatic
Compounds (From Data Cited by I. Ye. Esterman and V. M. Raykova)

I'pyule I‘aa. Xﬁnf 7I‘pynna Tas ' WIS IKOCTD
1y ' (2) :  |xocTs ) {2 (3)
~CH -10,09 F1I1,53 || -k, -9,6 | ~16,¢
o 4,93 | 6,11 || CH(KC,) -13,8 | -20,3
ScH -1,6 |-2,0 || -CH(10;), -10,8) [-19,2)
by 1,0 | I,5 | ~CkCals =3,3 |-II,3
§,C=CH- 15,0 |12,3 || -ONC -9,8 |-13,6
HyC=0€ 16,6 |I3,0 || =0NC, -21,7 |=27,7

~ HC=C< © 20,3 {175 | Gl -47,2 |=59,1

H(;:C}!—uuc 4] 18,2 |I5,6 :::H-M:2 2,6
HG=Cli=poaue (5] 1704 15,0 |} 3H-4G, 19,9 °,
=CH~C& 24,7 f23,2 |l SN-No 19,6 [(I2,4)
=CH-C& 704 20,6 {19,0 || -NFp (-9,6) {-13,1)
=0 (25) 23 ¢ || ~Csi 27,6 | 21,8
~CaC- 55,5 |51,7 || -K=CZ 52,6 | 46,3
HC&~ 54,5 1504 | =N=h~ S22 | 50,2
-0 -41,7 49,1 |l ~CI ~11,7 | ~14,3
- =30, P31,0 || -F -1y’ “48,8)
~CUGH -%,6 FI04 (OYU MK DH

~C0 -29,5 [33,5 < Th 4
Cz0_ (=79:5) [&4,0 o 5,0 | 0,17
-C=0 93,5

No-cuy . o 15,5 |-21,5
-HHly 3,1 |-0,63

~hti- 12,1 |10,3 O 6,1 |-33,
*aag (22) |e2,6 . .
>C=u - 31,8 37,8 ] 'C_t‘ayﬁ“ 243

Note: Contributions obtained from the enthalpy
of formation of one compound are given in paren-
theses. Contributions are given in kcal/mole,

1 kcal =4.184 kj.

Key:
1. Group 4, Cis
2. Gas 5. Trans
3. Liquid 6. Rings

experimentally (usually the averages of several sources) and values obtained by
calculation. Comparative calculations using six to eight methods were made for
100 compounds. From cne to three compounds were chosen by chance to represent

many of the examined series. Omissions of figures in the table mean that AHfO

54

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500050008-3

FOR OFFICIAL USE ONLY

Table 8. Contributions by Functional Groups of Liquid Aromatic Compounds

wuccane‘E CO CxMM | SoMeCTHTONR C CHAMEHM
- D3QMUOZEACTBMOM | g9y B3SEMOZERCTECM
. ‘CH3 '11'53 . "lOz \'IU.‘U .
-0- -31,7 YU-RO,  423,2
-OH -49,1 -, 6,3
c¢d -33,9 yHH +2,8
7C=0  -36,6 - +16,8
~CO0K -101 o -Ri-MH, 4184
0. -
<< (-58) Gyl D e
.0 2 XU 14,41
<& L=81,6) (4)
¥t Cell, ras  35,49-2,77x
X mazx 28,06-2,73
=W (424,5)
-C1 ~1I,5
L -£ -49,5 "
Key:
1. Substituents exhibiting weak 3. Gas
interaction 4, Liquid
= 2. Substituents exhibiting strong

interaction

Table 9. Energy of Interaction Between Functional Groups in Aromatic Compounds

| oxtho-| metal pora-]
Riigs U, Y, 2,3 U,o
* Glgy 10y 1,9 L3 | -1,3
E uily 40y I ~L4 | -2,

e w201 1,4
j Biay wly R u,5 4,0
; Y, U, 2,2 ~3.4
| ueei mo, 3.7 0,85 | 0,50
boCay, o &2 .

[ oeu,n 1,6 0,9

[ IR 29 2,3 1.3

All values are given in kcal, 1 kcal =4.184 kj
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could not be calculated by the given method for the particular compound. We can see
from the table that the accuracy of Esterman's method is at least no worse than that
of those published to date. Its advantage lies in the possibility of obtaining
AHf both for gases and for liqu?ds and in the great assortment of contributions by

functional groups.

In the case of solids the enthalpy of melting must be subtracted from the ligquid's
enthalpy of formation. If it is not available in the handbook for the given com-

pound, Val'den's rule may be used: AHy=56.5Tp, j/mole.

In the case of compounds with several functional groups, the action of the groups
upon one another must be accounted for. Groups exhibiting strong interaction are
separated in Table 8 from those exhibiting weak interaction. The effects of group

interaction in aromatic compounds are described in Table 9.
Nitrogroups interact with one another especially strongly.

The increase in enthalpy of formation associated with presence of two or more
nitro groups in the same molecule should also be accounted for in calculations
associated with the aliphatic series. It has been noted in this case that the
interaction effect, which expresses itself as growth of AHf that is greater than
can be explained by "additive" growth (as calculated using the data in Table 7),
weakly depends on the aggregate state of the substance (be it a gas or a liqgid),
but‘it decreases intensively as the NO, groups move farther apart. For neighboring
nitro groups the interaction effect is 16-20 kj per paired interaction, while for

- crosswise nitro groups attached to neighboring carbon atoms [C(NOZ)—CHZ—C(NOZ)]
the interaction effect is about 4 kj. Nitro groups that are farther apart parcti-

cally do not interact with each other (A(AHYQO:. 1 kj per paired interaction).
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6. Calculation of the Composition and Thermodynamic
Characteristics of Combustion and Explosion Products

6.1, Statement of the Problem

The main problem of thermodynamic calculation is to determine the equilibrium
composition and functions of state of the combustion and explosion products.
Inasmuch as the enthalpy or intrinsic energies of the products are given as the
dependencies of these variables on temperature and the expressions for the equili-
brium constants include pressure, the main parameters of state considered in such
calculations are temperature and pressure. Knowing éhé equilibrium composition
and functions of state of combustion products at given P and T, we can solve a
large number of technical problems. The main ones are: 1) calculating the compoéi—
tion, heat, temperature and other thermodynamic characteristics of combustion pro-
ducts in adiabatic conditions at P=const. (la) and at V=const. (lb); 2) calcu-
lating expansion of combustion and explosion products (change in composition of
the products and in the functions of state during expansion, calculating the rate
of flux and the work of expansion); 3) calculating the cooling of combustion

products at V=const.; 4) calculating the thermodynamics of processes in shock waves.

The first of the above problems entails thermodynamic description. of combustion
(or more precisely, its end results) in isoﬁaric and isochoric processes. The
second provides’ information on isentropic expansion of gaseous products formed in
the course of an isobaric, isochoric or some other combustion process.* The third
problem is associated with isochoric cooling of combustion and explosion products.

These idealized situations are very close to real situations in a number of cases.

*Note that all of these processes are adiabatic.
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Combustion proceeds at practically constant pressure in air, in the combustion
chamber of a jet engine operating under steady-state conditions and in apparatus
used to measure the rate of combustion of explosives and powders, aptly named a
"constant pressure bomb." An isochoric process occurs when powder is burned in a
manometric bomb and, as a certain approximation, in the barrel of an artillery
weapon. The end products of a gas's combustion in a constant volume bomb* and,
once again as a certain approximation, in the oylinder of an internal combustion
engine, and the products of detonating an explosive in a Bikhel' bcmb (see below)

are consistent with those obtained as a result of an isochoric process.

Isentropic expansion of a gas is typical of what occurs in the nozzle section of a
rocket engine, of processes following detonation of an explosive charge in air, and
of the discharge of powder combustion products out of a gun barrel. It stands

to reason that losses due to friction and heat exchange may be ignoréd in far from
all of these cases, but adiabatic and isentropic processes are basically the most

significant.

When solving these problems we should turn special attention to the range of
pressures and temperatures within which the given process is examined. At pressures
up to thousands of atmospheres and temperatures above 1,000° the behayior of com-
bustion products may be described with good.accuracy (not less than [symbol illegi-
ble]) using the equations of state of an ideal gas. When powder burns in a fire
weapon and in conventional artillery, pressure attains 4,090—5,000 atm. At such

pressures we should use the equation of state containing virial coefficients. When

*Combustion of a gas in a bomb of constant volume proceeds at constant temperature
for the most part. It is only after all of the gas burns and the reaction products
in the bomb mix together that temperature and pressure in keeping with an iso-
choric combustion process (the Mache effect) are established. ’
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condensed explosives are detonated, a pressure on the order of tens and hundreds
of thcusands of atmospheres is generated. In this case we would have to use the
Mi-Gryunayzen equation (3.30). However, as the combustion or detonation

products expand, the pressure within them drops, and beginning with a value
on the order of 1,000 atm the equation for an ideal gas once again becomes appli-
cable. Thus the simplest method of thermodynamic description of combustion and

explosion products enjoys a very broad area of application.

Precise thermodynamic calculation of combustion and expansion processes is ex-
tremely cumbersome, and it requires high-speed computers. A detailed description
of such calculations in application to combustion of powder in a rocket chamber
is given in (13), and it is described in application to liquid-fueled rocket

engines in the handbook (4).

It should be noted, however, that in many cases the accuracy of such calculation
is intentionally excessive. On one hand the enthalpies of formation of the initial
substances--fuels, oxidants, explosives and the ingredients of explosives and
solid rocket propellents, thch are industrial-grade products usually of complex
composition with a low degree of purity, are only extremely moderate in their
reliability. On the other hand while the error of calculating a combustion process
with a computer is within hundredths of a percent, the deviation of a combustion
process from the calculated values (resulting from absence of equilibrium, devi-
ations from ideal conditions, losses not considered by the calculations) is
several percent as a rule, and frequently it is 10 percent and more, for example
in the case of calculations for detonation of explosive charges. For this reason
engineers still make broad use of simplified variants of thermodynamic calculation
that may be performed manually or with small computers, and they will be used for
a long period to come. One such method will be analyzed below.
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6.2. Composition and Thermodynamic Characteristics of Combustion Products at Low
(P<10® Pa) Constant Pressure

The calculations are made with the assumption of an adiabatic system, existence of
thermodynamic equilibrium and applicability of the equation of state for an ideal

gas.
To perform the calculations, we need to know:

1) The elemental composition of the initial system;

2) the enthalpy of formation of the initial substances and the expected transforma-
tion products;

3) the equilibrium constants for the hypothesized reactions;

4) dependence of enthalpy, intrinsic energy or the specific heat of products on
temperature;

5) pressure.
A\

Systems containing the following elements are subjected to analysis: C, H, O, N,
Al, Mg, Cl, F. When the composition of the system changes, the system remains

the same but the calculation formulas must be reexamined.

We find the "empirical formula"--the elemental composition of 1 kilogram of fuel or
explosive system. We make the calculations using formula (1.7). By subsequently

summing the products of the number of moles and their atomic weight, we verify the
calculations. The accuracy of our calculations is generally within several tenths

of a percent. The total weight must not deviate from 1 kg by more than 1 gm.

We determine the "enthalpy of formation" of the initial system (once again in
relation to 1 kg of the mixture). Enthalpy is an additive function of state, and

therefore
- “,u: ll“d"“' R €6.1)
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where
Anj==g'j/Mj—--the number of moles of the given compound in 1 kg of the explosive system;
'“qjtsiq;Q --enthalpy of formation of compound j. The latter is found from tables
given in (3,6,9), or it is . calculated with the help of tables 7-9, or it is

taken from other handbooks.

For substances containing oxygen we calculate the oxygen balance (1.8) or the coeffi-

- cient of excess oxidant (1.9).

We calculate the composition of the transformation products in the zero approxima-
tion on the assumption that reactions No 3 and 7-15 are shifted fully leftward while
reactions No 4-6 are shifted fully to the right--that is, that NO, NH3, CHy and

dissociation reaction products do not form.

when aluminum or magnesium is present in the initial substance, Al303 and MgO form
(in the presence of boron or silicon we get B203 and SiOy). Excess oxygen in the
initial system oxidizes carbon and hydrogen. Nitrogen and excess oxygen are present

as N, and 0j.

Chlorine and fluorine react with hydrogen to produce HCl and HF, and excess halogen

(if it is present) is liberated as Cl, and Fj.
Excess carbon takes the form of carbon black.

Thus there are no difficulties in setting up the equation for the combustion reac-
tion in the zero approximation: Oxygen is consumed first to form Al203 and MgO, and
then to form CO, CO, and Hp0. If oxygen is lacking, hydrogen, carbon and then the

metal are liberated in elemental form.

- Hydrogen is used up to form HCl and HF, and then Hp0, while excess hydrogen is

liberated as Hj.
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Here are some examples of writing the equations for combustion reactions proceeding

at not too high a pressure, in the zero approximation.

Trotyl:

CoHeH30g —= 600 + C + 2,5Hy + 1,50,
Dinitrochlorobenzene:

Cgi No0,C1 - HCL + 4C0 + 2C + Hp + M)
Nitroglycerin:

CaHichslg ~= 3C0 + &,5H,0 + 1,505 + 0,250,
dydrazine:

‘2“11 - 2y ¢ Ny

Mixture of dichloroethane and nitric acid (51:49):

I'Sll\os‘f CLHfICIZ b C;Ms‘.;u,‘ ‘5{:[4-2002 4+ 3,54CI ¢ O.ZSCI;A + C.75)|2

It would be more convenient to calculate the composition of complex mixtures in
gram-atoms of the components per 1 kg of the mixture. For example ammonal 80/20
contains 80 percent ammonium nitrate by weight and 20 percent aluminum by weight.
Assuming that ammonium nitrate and aluminum are pure and rounding off the atomic
weights, our calculations produce the following figures, per kg:

: TR
= (L,8/6,050 = L0, Nyp s 0,2/0,027 = 7,4 ( n“=uo, ny=20, H(0)=30.

ANEERLID

In the zero approximation the combustion reaction is:
L ¥HNO5 + 748 AL == Hyghpg03ohly 4 347 ALgOs + 18,9H,041, THy+1t.

A slight complication arises when CO, CO,, H, and H,0 are present simultaneously

among the combustion products (this happens if
G <t ng<[aoy3en g - Auglam iy [ere Me))-
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The ratio between the concentrations of these substances is determined by the equili-
brium equation for the water gas reaction (No 1, Table 6). Considering this equa-

tion and the equations for the carbon, oxygen and hydrogen balance,

" N.. eN~ . + 2 + =Nn tNay + N . .
co *Meoy = Mo 5 ngy * 2 et iyo = Mo oo, NPT, 2, ¢ 20

we get a simple formula for the concentration of CO,:

= *’;2_"/(&‘1_0 . (6-2)

’

N oo

V\oz A/

where Q= %X[nr + (nﬁ/?.’)]xI - ,,(00)1( i b= ng ¢ h(%) - ng)
- K, - . . 0 _ J . .

I hI I ’ "(u)‘ n/ﬂ) - én;\I = n‘“? ’ ﬂg = nu - ﬂcl— nF ]

z
0
in which case Mg >N and n i> 0

The dependence of constant X; on temperature is given by formula (1) in Table 6,

or it can be read from Table 10.

Table 10. Dependence of the Equilibrium Constant for the Water Gas Reaction on

) Temperature
il T, & ‘ 300 600 1000 1500 | 2000 | 2500 | 3000 { 3500 &x:
-[ iy ‘ 0,000 | T,0:e ) 0,78 ¢ .67 a,éc‘s\ 6,071 7,131 7,830 8,01
- H ¢ . . \ .

resswr
At constant tgmpe-r&emse the temperature of combustion required for selection of

K1 may be estimated by means of the approximate formula:
Top, = 500 + 10> /8, (6.3)

where A - Zfi‘jum)—“'?nc *'?S'In“ fﬁnzn‘“g +92 ’5"“ 1'269@‘ fai!"“!“ kj/kg
B =17,4n, 120.3;:('!]'[7.'I,,(:)fld,Sny +13,2n,, 457 f36.7n‘¢ +35!5,,F

N‘
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Knowing the composition of the transformation products, we can determine the temper-
ature of the combustion products at constant pressure (Tpo) on the condition that
the enthalpy of the reaction at 298°K is equal to the difference between the
enthalpies when the combustion products are cooled from Tp to 298°K:
o He s Zai(ry) - K1) - -2 0; AT (6.4)
N m’[ 393,50, + 110,5n, + 248,80, | AL
o0z v 92.3,,‘“‘ v269, +aly 1. 3/kg

The data in Table 1 are sufficient for determination of Zl:;All(Tp)‘ in the zero
approximation:
_ T Ve F 0T -1y (O n0_ . o, X “cal/k
Bl rp)-b:,[,('rp T,)=(Tp-500)Bpa( T ?(10)55,64.04('1",*, W )u ; cal/kg
where By=6l,1a,, 131, 7¢, oi’l.lny‘ 055.'4%”739,31101 f)é,'l_nhaﬁﬁ.S,,:Sbﬂgf

At 1000 < T,< 2000k A = - 400K, § = 130 3/mole- K
At 2400 < Tp-: Bulinl A=+ 200/, ?,_ 146 j/mole-°K

We can obtain the adiabatic temperature of the reaction at constant pressure from
equality (6.4):
10 - ah s 2wk -somlimr +I1L8Gn, -( 5004 {)(fn). *5‘*'004,,(5-5)
P £a:f, 8 :0 0, |
where by = By + 55.6""0 + ({n )“i“5 + 21,1 n,

..

The specific gas constant is

Howapy o= {u.0)

The specific heat of the products in the vicinity of Tp is:*

¢, =107 2nf; 10738y €y = CpR g 47= Cpfly (6.7)

*When the error in the size of AH(T) (and correspondingly of _C-P and EV) given by the
formulas of Table 1 is small (<1 percent), the error in the size of Cp(T) and CV(T)

may be much greater (by several orders of magnitude). Therefore the Cp and Cy values
given by formulas (6.7) should be interpreted only as tentative. It stands to

reason that the error decreases when we calculate r.
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The mean specific heat of products in the interval from 298°K to TPO is:

.. -alle .y = = = %
Gy T 0T Sy =6 Ry I G0 (6.8)

The adiabatic temperature of the reaction at constant volume is:

e .(I‘ . .9
T, = o, . (6.9)

The heat of combustion @p and the heat of "explosion" Qy are:*#

Q!) B —U_)'}Allr N QII + ﬂ.Rg;ltar-'pr 2,47n,, kj/kg(.:.m)

The "heat of explosion in the presence of liquid water" is:
”l 2 ("1‘ 44,0 n“m N kj/kg (6.11

The proportion of condensed combustion products by weight is:

: o ; (6.12)
g: . 0,002ne +.0,102 n ”20_’;" 0,0403 "'“3“

The average molecular weight of gaseous products is:

M= (1 -gk)/."“ , Kg/mole (6.13

The values given here for heats Qp, @y and @7 require clarification. The fact is
that the first two are conditional. {p is that quantity of heat which would be
released upon cooling of combustion products f£rom Tp to Ty=298°K at constant
pressure without change in the composition of the products (or as it is put in
another way, at a completely "frozen" equilibrium). @y is also conditional. It is

used only to describe the thermal effect of the burning of condensed substances,

*For the derivation of formula (6.9), see below, p68).

**In a thermodynamic system the enthalpy of a combustion reaction is a large negative
value in terms of its modulus. Inasmuch as specialists in combustion and explosion
have become accustomed to the fact that the heat of combustion is characteristically
positive, it would be useful to introduce the variables @p=-AH, and Qy = -AH,+RT.
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and it includes, in addition to @p, work against the forces of external pressure
in the presence of isobaric expansion from the initial volume, which may be adopted
equal to O, to the volume which the gaseous combustion products occupy at298°K. This

work is  PyY - mylgTy = 2,47ng kij/kg.

@7 is more realistic. It is the quantity of heat released upon cooling of combustion
products in a calorimetric bomb (that is, at constant volume). Besides heat @y,

it includes the heat of condensation of water vapor at 298°K. (44.0 kj/mole). The
heats of condensation and dissolution of HC1l and HF and the heats of fusion of

Al30 , MgO and other substances, the phase constants of which differ at combustion

temperature and normal temperature, should be treated in similar fashion.

In the case of CHNO systems, which form neither free carbon nor free oxygen when
burned (ap<1, n8>nc), @7 exhibits a unique feature: In view of the practical thermal
neutrality of the water gas reaction, as calculated in terms of liquid water, it
does not depend on the extent to which the equilibrium is shifted upon cooling.

And in fact, when the temperature decreases the equilibrium of reaction 1 in

Table 6 shifts leftward, in the direction of CO» formation. The rate of this reac-
tion decreases simultaneously as well, such that at a certain temperature that is
not too low (about 1,500°K) the typical cooling time becomes much shorter than the
time of the reaction, and the equilibrium "freezes." Depending on the cooling con-
ditions (the volume of the bomb, the pressure within it) the temperature and conse-
quently the "frozen composition” of the combustion products of a certain combustible
substance may be different. However, in view of the thermal neutrality of the
reaction C02+H23CO+H201iquid, the resulting effect (the value of @7) would remain
the same. Other reactions, for example 2, 4 and 7 in Table 6, do not exhibit this

capability: Their final thermal effects depend on the depth of transformation at
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which the reaction stops. This situation is capitalized upon in the so-called

(De Pou) method of determining the heat of explosion. Most smokeless pbi;ders do
not form carbon (soot) and oxygen when burned. And yet many powder components may
produce soot (or O;) when burned in the absence of air. If we measure the contri-
bution of these substances t;o the heat of combustion of powder directly, the ob-
tained heat would depend strongly on the testing conditions, and moreover it would
differ significantly from the heat released upon combustion of the given substance
in a powder mixture. In order to avoid this uncertainty we burn the substance
under analysis in a mixture with a high-calorie powder, the heat of combustion of
which is well known, and at a ratio of ingredients that would satisfy the condition
o< 1, 'l:; . The composition of combustion proéucts is governed by the equation
for the water gas reaction, it does not depend on the cooling conditions, and the
thermal effect charactérizes the contribution made by the given ingredient to the
heat of explosion of any powder having a composition that satisfies the condition
given above. This contribution may be easily calculated a priori. Let substance %
consist of carbon, hydrogen, nitrogen and oxygen. Then the following basic reac-
tions would proceed in the combustion products of this substance mixed with a

high-calorie powder:

(0 o e Ll 2c0 + 112,48 c ““cp - t 17 kj/mole C.
(M U —~Co+ ) + 175,3
. ; 0, v €0 TG0, - 283 v+ - 2uhys Kifmole O
- I o '
70t i -~ W0 286

The hydrogen reaction in the combustion products (H;+(0,~ 1,0¢C0), as calculated in
relation to liquid water, is almost thermally neutral. Nitrogen is inert in this

approximation.
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The contribution of carbon and oxygen to the heat of the combustion reaction §; is
equal to the enthalpies of reactions (1) and (2). The contribution of substance i
(in kj per 10 gm--that is, in relation to 1 percent of this substance in the powder
mixture) or the so-called "thermochemical constant beta" is:

Pl ML IR TR SV
fi 100 u;

For aluminum and magnesium the contribution to @7 is calculated using these

reactions:
{zu 00 = MgV ¢ S0 - w66 kg/mole AL
281 4 3,0, AIo05 ¢ 3, - 617,9 cp
g ¢ 1ICO;' Uyy + TICO - 318,9
_ H, =(-
Mg 1 B0, Mg ¢ My - 36,0 op =(~318) kj/mole Mg
The thermochemical constants are:
= 152 ki/ = 132 Ki/%

The B 7; values obtained in this fashion may be used to quickly estimate the effect-
iveness of a particular substance as an ingredient of smokeless powder (or secondary

explosive having a composition satisfying the condition o<1, ”8>”c)'

To conclude this section we will present the derivation of formula (6.9). A re-
action proceeding at constant volume satisfies the relationship:

Q, =X an (1),

where gp--heat of reaction at V=ccast., AEZ(Ty)--intrinsic energy of combustion

products at T=Ty. Considering (6.10), we write
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or Qy = 4, + KT, “Tali(n,) - KT, - ) Ba { (I T)RT, 0RT, '
Hence qp « 2 f.' (f, - ;) - Wi,
L e fet o ezaf

RPN {i - l

Having in mind that

w, + Ln, fio1;

U R S

f"‘

" 16.5)
we finally arrive at

Te o<1 o=y T (6.14)

Note that although the "instaneous" specific heats Cp and CV are calculated with a
significant error, as is noted in the footnote on p 65, the error of » is much

smaller and the reliability of Ty is practically the same as of Tp.

It should be emphasized that the well known formula TV=?TP is wrong when the
composition of the combustion products remains constant. Its derivation does not
account for the fact that the average specific heats in the interval TP-TV in-
crease, and as function H(T) approraches linearity they increase in such a way that
we arrive at formula (6.14). If as a result of the water gas reaction the composi-
tion of the products changes, growth in specific heat in response to increasing

temperature slows down, and we can then use the formula TV"‘;TP (which is easily

obtained from the equalities

Up "("[‘(1"“1‘0)' Uy = 6'(Tv-’l‘0)' Q":up”('r' r‘.p s i‘;' + R)
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6.3. Refined Calculation of the Thermodynamic Characteristics of Combustion Products

The principal values obtained in calculation of the thermodynamic characteristics of
combustion products are adiabatic temperature T'p (or I'y), R=ngRy and r=Cp/Cy. As
was noted earlier, acquisition of these values by calculation in the zero approxima-
tion would be sufficient in a number of cases of evaluating the performance of ex-
plosive or powder. The dependability of this approach is verified by calculating
the concentration of the dissociation and reaction products (3-7). At temperatures
below 2,000°K and high pressure formation of methane, ammonium and (in the presence
of excess carbon) carbon dioxide is most probable, while at high temperature NO,
Cl,, OH, Oy, H and O form. Reduction of the pressure promotes formation of the last
four substances. The concentrations are found by formulas given in Table 6. For

example,

..I N
) ) 5 v 32 (“) () 3
0 (:, Yo, r né i Mo, Plag )" | ("")
"l /'a

120 ls‘ T:)/Ia k‘* "ll ‘

If the concentration of the products of dissociation and of additicnal reactions is
not large (less than 0.05 moles/kg for example), the zero apprpximation may be

thought of as sufficient: The error of all of the principal calculated parameters
would be less than 1 percent. If the concentratiéns of the secondary products are

sizeable, the calculations should be continued further.

After we determine ni(o) we set up the balance equations for the different ele-
ments and calculate the new values of the 7 initial elements (n;(%)). Using these
values we repeat the calculation of the composition of the principal combustion
products similarly as we have done in the zero approximation, after which we once

again calculate the enthalpy of the reaction and the adiabatic temperature. We
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; repeat the calculations until such time that the temperature remains constant

within 10-20°K.

Another way of calculating Tp (or Ty) is to select, on the basis of the zero approx-
imation, two temperature values close to the anticipated true value, and calculate
the composition first at one value and then at the other, after which the true
temperature and other characteristics of the reaction can be determined by linear

interpolation (or extrapolation for a slight distance, up to 100°K).

In this case if the error of determining the heat and temperature of combustion can
be within 1 percent, we can use approximate relationships for the enthalpy of the
products, as given in Table 1. If greater accuracy is required we would need to

use the AH(T) given in (3).

Table 2 of the Appendix compares the conm%ition and thermodynamic characteristics
of combustion products calculated in the zero approximation for a number of second-
ary explosives; the figures were obtained by computer calculation at a pressure of
300 atm, The computer calculations were run on the basis of 40 equilibrium reac-
tions. Of the obtained products, the table contains only those for which the

concentration was about 0.1 moles/kg and higher.

- For 18-19 of the explosives, the approximate and precise calculations of all indi-
cators showed good consistency at 0.35<¢(p<0.85 at a temperature of 2,000 Tpg 3,500°K.
It should be noted that most practically employed powders not containing high-
calorie metals and halogens fall within this interval in terms of composition

and temperature.

Temperature TVO obtained for secondary explosives in the zero approximation can be

related to the computer calculated temperatures (TV) by a simple formula:
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T = W0 + 000 T,

which is valid for 0.36<agp<l.1.

We arrive at a similar formula for nitromethane mixed with tetranitromethane and

nitric acid:
T, =260 + U0t T,"

To calculate the characteristics of the discharge of gases from the nozzle of a
rocket engine we need to know the entropy of the combustion products. Entropy is
calculated on the basis of the composition of the combustion products using tables

showing the dependence of standard entropies S&v on temperature (3).

In the zero approximation the following formula can be used if the temperature is

sufficiently high:

' -
P o Ji P.ge O ALY 4
(‘ -.9" ‘1" ~,r—-~REhP."~ST‘tz"tr.e‘l1; fen’b
. ' *
0
where Sp; is the standard entropy of a mixture of gases (to include the entropy
of mixing) at atmospheric pressure and at the temperature T; at which the rule
Ay = %(T‘Ti) begins to be satisfied. Tj=2,000°K would be

a convenient choice. The 522000 values for some combustion products are given in

Table 1l. Entropy 582000 of Some Combustion Products (cal/mole*°K, 1 kcal = 4.84)

0 hnoms T | 57,8997 | 60, | 40,100
i f oo | oHo | esye2es [ T e | ot
LGRS | 8| QR | e | 00
K {ugog | ocr | 581835 A1,0, | 64,879
C, |47:2095 | HON | 69,662 &3 1 o one
Co | 95 | w0 | 63,314 (23031 | g1 64
K, | 60,2039 | w0 | 5,008 Wo [ 27,953
o, f eh2rrs |ocO, | 3,80 sy | 330920
ty | 45,0001 nuz, 69,643 (0755) 1 35,936
"‘li' | G, t3Y (‘All,. 73,003

% PN IR
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6.4. Thermodynamic Characteristics of the Products of a High Pressure Explosion

At pressures from thousands to several tens of thousands of atmospheres we perform
the thermodynamic calculations with an equation of state containing virial coeffi-
cients. The results arrived at by the calculations described in section 6.2 are

a zero approximation in this case. The equilibrium constants of the principal re-
actions (1) or (2) are found at the temperature of the zero approximation (Tg or Tg)
using the data in Table 6, and the coefficients of activity r, of the reagents are
found using formula (4.6). Then we use formula (4.7) to find coefficient K4 and a
new equilibrium constant for the volume within which combustion proceeds. Using the
new equilibrium constants we calculate the composition and principal thermodynamic
characteristics of the combustion products. When the result differs significantly
from the results obtained using the formulas in section 6.2, we repeat the calcula-
tions in relation to the new temperature values. An example of the calculations can

be found in textbook (1).

At higher pressure we would have to use the Mi-Gryunayzen or the Becker-Kistyakovskiy-
Wilson (BKW) equation. Equilibrium constants K calculated by Zubarev and Telegrin
(14) using an equation of the form‘(3.30) for reactions (1) and (2) are given in
Table 12. Consistently with change in the equilibrium constants, as pressure rises
the concentrations of CO, and Hp0 grow while the concentrations of CO and H, drop.

In this case the concentration of hydrogen decreases faster than that of CO. And in
fact, we get the following for reactions (1) and (2) with respect to the constant
values given in Table 12:

' | g J N’CU..
“10 -"T-!-l-)—-w- [ . 20“ -~-»2.£_ .
co, W, Léo
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Hence it follows that the concentration of CO is (K'Zc-ncol)l/z times smaller than
the concentration of CO; (when this relationship is disturbed in favor of CO, ele-

mental carbon would be released).

The relationship between concentrations of Hp0 and Hj is:

WA /7 .
o W, = Frothoo/ gl 2 KiolRpg o )1/2

At high pressure (about 10 GPa) and excessively high temperature (up to 4,000°K)
both constants are much greater than unity, and correspondingly the ratio 7M$j2/MH20
is very small. Therefore significant quantities of molecular hydrogen are formed
only when an excess quantity of hydrogen is present in the explosive. At high
pressure (assuming a high charge density), formation of hydrogeh in responge to

detonation of conventional explosives may be ignored.

The general formulas for calculating the composition of the explosion products of

HCNO explosives are:

ot hay t e ™ he
Qhuv,‘ Q—“u, e ..L.Ili
et 2Ry, YHe e Ry,

0

() are the concentrations of the elements in the initial explo-

where ng,ng and n
sive, moles/kg (or moles/mole). Equating n8=a, n?o) =pb, n§=2h and ngg =, and

dropping some of the subscripts from the equilibrium constants, we get

"%" K‘Al; LI b.lx (-f‘ﬂ K.l); n,,l._:.k—n'.lo .
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Substituting these expressions in the equation for Ki, we find

Cfex(teag) T h(f“’ﬁ[?’]
PR AL MY 5 ST B Ll LS S (]
h‘ K!’-(’\'QO X("QKi)()) ’ X t‘k‘ "lk"& Kl“.'% ‘ ( ’

Equation (6.16) is solved by the method of successive approximations. This is more

convenient than solving a third power equation.

In cases where the concentration of hydrogen in explosion products may be ignored,
system (6.15) simplifies to

x""(.,"“t u s ““l" - h} xt th..‘i 6‘“4 cha-’ KK‘Q.

Hence

e v o e

h%; G h-s)-k,4*, x=—21,(;( usul(ﬁ--h)ﬂ)_ (€.17)

This expression may be used as a zero approximation when the assumption that hydro-

gen is absent in the products is doubtful.

Table 12, Equilibrium Constants X' for Reactions (1) and (2) (See Table 6) at
High Pressure (14)

AL b e e ——
Peann(1) | ) Tounepary po,k - _
: P Ty J70ud T 1773000 ] 4000 | 5000 T é000
! ¢ T2) L 1,4 12,7 13,6 14,3
10 19,3, (21,6 TS 17,3
20 i35 1725 o ATe L1300 2913
W W22etue 17,02.105] 2,81-105 7, de-105 [ 94,5
| 66 i3 10° | 6,11-10°] 1,17.10%) 4,23.17 | 23410
T ] D Rt Bt E i
e 5,69:105 [, %4 0,616 | 5,4-1079 2,19.1077
10 9,27-102 [i6,8 ] 2116 NEI KN (15
20 , 75102 11,61-106) 38,8, | wal 1,30
40 00 I8 T03E-102) o daeef f b HHds
|« st e iane 0% nneeret | 7,806 | 11 ad?
Key:
1. Reaction 3. Temperature, °K
2. GPa
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Table 13. Composition of Secondary Explosive Detonation Products: Calculations are
made with the BKW equation of state (moles/mole explosive) at detonation
wave pressure and temperature (Tp, Pp)

T TR e [ 1 s T [Ty e |
ISV S.rA%ichel B 2 DUUS NN RSN NS U WS, N
Feproren () 1,60 fe,08 |4,00] - | 1,49 | ¢ 022 (3,00 {1,49
g, |Gy [0 e, anny 6,67 | 1,u88 12,98 [0,45
i (8) [1e fon fao] - | sae | eszzs | 2,00 [0,89
Dt e o pansfogren et a1 1,93 10,00
o 8y en P fe ] TS 10 e [ so |18
SURIUINIVUN PSRN WIS T [IRTAN YTVl WRTH I B TN BN
Key:
1. Explosive 4., PETN
2. Density, gm/cm3 5. [One word illegible]

3. Hexogen

If nc=0 (for conventional explosives this is observed only at large values of ag,
close to unity), the relationship between 7nco, nco, s nﬂzoandnﬂz is governed by the

equation for the water gas reaction. Formula (6.2) is used in the calculations.

Finally at a3l the composition of the detonation products is written in the same

way as for the zero approximation at moderate pressure:

r e .
nul-n‘é; Buge® Mo/ My 00/ Qi 2 iy~ 2ine ~(ng/2).

1f metals are present in the system--Al, Mg, B and others, it is presumed that they
burn up in the detonation products to produce the appropriate oxides (Al203, Mgo,
B,03 etc.). As is the case with moderate pressure, we begin the calculations with
transformation of the metal into its oxide. Remaining oxygen is consumed in oxida-
tion of carbon and hydrogen. At high detonation pressure formation of metal nitrides

is possible. We will not examine these reactions here.
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In the presence of chlorine and fluorine HCl and HF form in the products of hydrogen-
containing explosives. Formation of a certain quantity of CF, has also been demon-

strated to be possible. We will not consider this substance in our calculations.

Table 13 shows the results of célculating the composition of the detonation products
of some explosives at different initial charge densities. We can see that as density
decreases (and consequently as the detonation pressure decreases) the concentration
of CO and H; in the explosion products increases while the concentration of CO,,

Hy0 and Cg decreases. At very low but practically fully attainable initial charge
density the composition of the detonation products is consistent with that calculated

~on the assumption that the equation of state for an ideal gas is applicable.

One interesting feature of the state of the products of detonation occurring at
ultrahigh pressure is that the following relationship is satisfied within a rather

broad interval of pressures:

p=aV, wherey- :;ft 5, (oo 1)

_ is a polytropic equation. When the charge density and pressure decrease, n decreases.
From the standpoint of the theory of free volume this means that forces of refpulsion
play the principal role in equations such as (3.50) for detonation products. The
role of the thermal component and the forces of attraction, which depend weakly on
volume, is smaller. The Lennard-Jones potential (6-9) probably provides the most
accurate-description of the true state of combustion products (this is indicated
by calculations made by Zubarev and Telegin (14)). In this case the relationship
we get for pressure is p==(a/V“)-(b/V2)+ T; at small , the second and third terms

of this relationship somewhat weaken the dependence of P(V) on the first.
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6.5. Expansion of the Detonation Products of Condensed Substances

In the first approximation, detonation products undergo polytropic expansion (6.18).
In this case the pressure drops very abruptly: At #=3 it is proportional to the
ninth power of distance. As pressure decreases the polytropic index decreases and
the rate of pressure decline slows down. At coordinates lg V-1g Pthe curve P(V) may
be approximated by two straight lines. The slope of the first in the high pressure
range is 7, and the slope of the second is r. Change in slope occurs at pressures

on the order of 1,000-2,000 atmospheres.

The effective polytropic index (usually 2<neff<3) is used to calculate the work of

expansion of explosive charges in a casing.

In view of the consequent intense change in the constants for reactions (1) and (2)
(Table 6), it is extremely difficult to calculate the composition of combustion
products as it changes in the course of expansion. 1In this connection attempts have
been made since long ago to experimentally determine the heat and composition of
explosive detonation products. The first apparatus intended for this purpose was
the Bikhel' bomb--a sealed vessel with walls 10-20 cm thick and a capacity of 20-50
liters. The internal cavity of the bomb is sealed with a lead lining, and it is
covered by a massive 1lid with 10-12 huge nuts tightened down by a l.5-meter wrench.
A charge weighing 50-200 gm was suspended in the center of the bomb and exploded by
means of an electric detonator. Prior to the experiment air was evacuated from the
bomb by a vacuum pump to a residual pressure of several dozen mm Hg. More-compact
and convenient devices appeared later on, but their principle of operation essentially
remained the same. The results of experiments with a freely suspended charge are

shown in Table 14.
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Table 14. Results of Experiments With a Detonation Calorimeter (Using a Charge
Without a Casing) and of Calculations Using the Equation of S:ate for
i an Ideal Gas :

(L)CocraB8 npoxysxrtos, Hous/uonsbBB
: co fwolu, | ¥, [co. fc | Ho [wus fCh,
; Tporua(4)
- (2)nir 5,85|0,17 2,31 (1,36 10,063]1,01|0,024 0,022 0,04
Pacyen 150U 5,97|0,007|2,10 |I,45 ,009{0,81]0,018 [0,0005(049.)
(3 800K 6,0010,0032,36 |1,47 . ,0030,900,056 [,0003|005*
’ Oxrorou (S
Cour 2,65[2,50 |1,55 |4,0T|I,44 [0 [0,0004 O | v
pacyer JISU0K |2,36]2,36 |1,64 [4,00{1,65 |0 2'10’§ 0
IBOOK .[2,52{2,52 |I,48 {4,00(1,49 |0 f2-100] O | O
3

beuauvpudypoxcas (

(=]

Qi - 6,03|0,03 0,039 2,48 ,0,00¢ |0 0,007 p,002 G
‘ l’acuer{ussx 5,87 0.09} 0,22 |3,00]/0,022 0,13 O,QU‘& 0 000
1660k |5,90(4-10%]0,23 (2,970,004 0,100,005 O |o00d
Key
1. Composition of products, 4. Trotyl
moles/mole explosive 5. Octogen
2. Experimental 6. Benzotrifuroxane

3. Calculated

Table 15. Results of Experiments With a Detonation Calorimeter (Using Charges in
a Massive Gold Casing) and of Calculations Using the Mi-Gryunayzen
Equation of State (3.30) (2)

__Cﬁ}'_’c T8 MPOAYK'®OIMONL/MONL/BB |

cof o [ W, {W, [oo, Ty | wuy | oty

B T(a)Tposan p. = 1,65 ol = 45t
2) unut 912,00{ 1,60] 0,38 | 1,18 1,20 | 3,41 | 0,20 |0,007
Toot| 1.60| 0.6 | 1,52 1.2] 3,650,172 0,0 |
(3) Peover T80SK|T,55| 1,64 | 0,40 1,50] I,303,60] - |03
(5) Oxroren  f. = 1,89 all, = IO
Onus 1,00 5,06 0,30 | $,68 | 1,% | 0,97 | 0,40 [0,032

_Pscuer [1769K|G,53) 3,061 0,34 | 3,9?7] 2,01 | 0,61 {0,0¢5| 0,26

(6) Euuaotpadypokcut p = 1,66 aHe = %905
onmae 2,87] 0,09) 06,07 12,93} 1,5 | 1,57 | 0,605 ©
Pacuer 1575K{7,u5] 0,124 0,034 2,99} 1,47 | 2,07 1 0,002[C,037

" Note: ~ DMy for liquid water, kj/kg; p o-—gm/cm®.
*0ld data.
**Calculated using the BKW equation (3.13).

Key:
1. Composition of products, 4. Trotyl
moles/mole explosive 5. Octogen
2. Experimental 6. Benzotrifuroxane

3. Calculated
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It should be pointed out immediately that these results may produce the completely
wrong impression as to the composition of explosion products at high pressure--at
tens and hundreds of thousands of atmospheres. When detonation products expand,
especially without expenditure of energy, the pressure within them drops very

- strongly, while the temperature remains practically constant (in principle, it
may even grow). An equilibrium in keeping with a relatively low pressure establishes
itself within the space of the bomb. In this case the composition of the explosion
products is calculated with the equation of state for an ideal gas, as described in

, section 6.2. Examples of such calculations, shown in Table 14, demonstrate that they

are fully in agreement with experimentally obtained values.

In order to hinder secondary reactions at low pressure the explosive charge is
placed in a massive casing made from a soft metal (lead or copper). When the ex-
plosion occurs the casing disintegrates, and minute fragments fly apart in all
directions at high velocity. Energy is expended upon disintegration of the casing
and propulsion of its fragments, the explosion products cool quickly, and secondary
reactions are slowed down. In order to prevent interaction of explosic= products
with [one line illegible] at the University of California (USA), the casing was
made from gold. The results of experiments with trotyl in a gold casing are given
in Table 15, together with old German data. These results differ from those obtained
with freely suspended charges: The explosion products of benzotrifuroxane include
a large concentration of CO,, while the explosion products of trotyl contain much
COp and H70. 1In the case of octogen---. substance richer in oxygen--the difference
in the results shown in tables 14 and 15 is smaller. But these researchers were
unable to completely inhibit the reactions proceeding during expansion or establish

the composition of products formed in the detonation wave. This problem has still
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not been solved. The one thing that we have been able to do is to compare th&
composition of expanding explosion products determined experimentally with calcdula-
tions performed according to several of the available methods. These calculation
results are also given in Table 15. It follows from them that following an explosion
in a massive casing, the equilibrium probably freezes at a temperature of 1,500-
l,é00°K, approximately the same as with a conventional calorimetric bomb, though of
course at much higher pressure (0.5-5 GPa). Concurrently the consistency of the
calculated and experimental results also demonstrates how reliable the theoretical

- models are.

It may be concluded in general that the thermodynamic methods of calculating .
detonation processes in condensed explosives are for the moment much less developed
than the methods of calculating processes occuring during combustion of fuels. The
main difficulty is associated with the absence of a reliable and universal equation
of state for mixtures of gaseous and condensed substances experiencing a temperature
of several thousand degrees and a pressure of hundreds of thousands of atmospheres.
However, this area of science is developing quickly, and we can anticipate arisal

of new interesting and important results in the next few years.
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APPENDIX

Table 1. Comparison of Methods of Calculating the Enthalpies of Formation of
Some Organic Substances: The difference (kcal/mole) AHF(experJ.ment
"AHF(calculated) determined by different methods is given.
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(33)xacps ORI | S S L,z | i@
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(34)-;cophpenen Ty o=oT,0 § | 3T -z, 14 R V2
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30) arramerpas roj 3,85 | =340 | 1,13 - 1,05 U,72 !
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Key:
1. Compound 19. Ethylbenzene
2. Experimental 20. Butylbenzene
3. Franklin's 21. Phenyltetradecane
4. Benson's 22, Average for 13 monoalkylbenzenes
5. Andersen's 23. Ethanol
6. Leidler's 24. Heptanol
7. Karash's 25. Average for 1l alcohols
8. Esterman's 26. Propionic acid
9. Gas 27. Valeric acid
10. Liquid 28. Nonanoic acid
11. n-Propane 29. Propionic aldehyde
12. n-Decane 30. Heptenal
13. Eicosane 31. Hexanone-2
14. Average for 18 n-paraffins 32. [Illegible]
15. iso-Butene 33. iso-Chloropropane
16. [Illegible] 34. iso-Fluoropropane
17. iso-Eicosane 35. Propylamine
18. Average for 18 unsaturated 36. Ethylnitrate
compounds 37. Propylnitrate
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Table 2. Thermodynamic Characteristics of the Combustion Products of Secondary

Explosives
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Note: The first number in the parentheses following the name of the explosive is
AMpog , kj/kg, and the second is ag. For each explosive, the upper row of
numbers represents the results of calculations using the approximation
method given in this book, and the lower row represents the results of
precise computer calculation at P=3-107 Pa. Because products having a
low concentration are ignored in the computer calculations, 7y may be
greater than the sum of the moles of gases shown in the table. #g
- represents the number of moles of gaseous products (moles/kg).
Key:
1. Name, formula, enthalpy of 16. 2,4,6-Trinitroresocine
formation (kj/kg), coefficient 17. Mononitroglycol
of excess oxidant 18. 1,3-Propyleneglycol dinitrate
2. m-mononitrotoluol 19. 1,2-Propyleneglycol dinitrate
3. 2,4-Dinitrotoluol 20. Trinitrofluoroglucin
4. Trotyl 21. Hexogen
5. Trinitro-m-xylol 22, Glycerin dinitrate
6. Trinitroaniline 23. Methylnitrate
7. Trinitrobenzene 24. PETN
8. Hexanitrodiphenylamine 25, Nitroglycol
9. Hexanitrodiphenyl 26. Nitroglycerin
10. Ethylnitrate 27, Erythritol tetranitrate
- 11. Tetryl 28. Mannitol hexanitrate
12. 1,4-Butyleneglycol dinitrate 29, Nitromethane
13. Trinitrobenzoic acid
14. Trinitrophenol
15. Triethyleneglycol dinitrate
- 16. 2,4,6-
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